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ABSTRACT
Synthetic fuels will likely have a higher aromatic content than 
petroleum-based fuels. This aromatic character will result in 
increased soot formation and increased flame radiation. Since the 
kinetics of soot formation is poorly understood, it is very difficult 
to design combustors using aromatic fuels.
A laser beam attenuation technique was utilized to study the 
kinetics of soot formation from toluene and other selected fuels over 
the temperature range 1400-2500 K and the pressure range 2.5-10 
atmospheres. Detailed soot yield studies show that the aromaticity 
of the hydrocarbons determines their sooting characteristics. At 
low temperatures, the condensation, polymerization, and dehydro­
genation are the most important soot formation steps for aromatic 
fuels. At high temperatures, the rings tend to be cracked readily, 
therefore fragmentation, cyclization, aromatization, polymerization, 
and dehydrogenation encompass the important sooting steps. Possible 
routes leading to soot for these two competitive sooting procedures 
are proposed. Thermochemical equilibrium composition calculations 
indicate that £95^24 appears to be an important soot precursor. 
Correlation equations for soot formation delay times, apparent soot 
formation rates, and quasiglobal rate models are obtained. A 
quasiglobal mechanistic approach using the limited detailed pyrolysis 
steps of toluene to predict the soot production is also developed.
The data presented herein may be used to estimate the effects of 






The recent and projected increases in crude oil prices have 
spurred a significant interest in fuels developed from coal and 
oil shale. Depending upon the extent of refining, the characteristics 
of these synthetic-derived fuels will vary significantly from the 
characteristics of petroleum-derived fuels. Relative to petroleum 
crude, synthetic crudes tend to have lower hydrogen content because 
of higher aromatic content (PI), higher levels of inorganic impurities, 
and higher fuel nitrogen content.
The major impact of these differences is associated with an 
increased tendency to form soot particles, due to the higher aromatic 
content of the fuel, which produces several undesirable effects:
1. Combustor particulate emissions are substantially increased, 
such that exhausts are objectionable pollutants in the environment. 
Furthermore, these particulates are indicators of inefficiencies which 
consume fuel unnecessarily.
2. The formation of soot in combustors increases radiant heat 
transfer loads to combustor walls, thereby, significantly reducing 
efficiency and reducing hardware lifetimes (Si).
3. Certain polycyclic aromatic hydrocarbons which are 
generated during the soot formation process have been found to be 
carcinogenic (H1,S2,S3), which may cause serious health and en­
vironmental problems.
4. Smoke emissions present a tactical military problem in that 
the presence of a smoke trail facilitates aircraft detection in combat.
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As coal or oil shale based synthetic fuels having high aromatic 
contents, are considered important components of the future energy 
supply, future combustors must be designed to effectively utilize 
these fuels and avoid the deleterious consequences. However, very 
little high temperature kinetics and thermodynamics data to describe 
the soot formation process are presently available (Wl) . This pro­
vides motivation for a study to develop a better understanding of 
the soot formation process during the combustion of aromatic fuels.
A typical aromatic compound, toluene, the most plentiful aromatic 
hydrocarbon compound in both coal-syncrude distillates and unleaded 
gasoline (B1,L1) was chosen for detailed study.
Soot
Soot, usually black in color, is defined as the carbon particles 
which are generated by gas phase reaction during the pyrolysis or 
partial combustion of hydrocarbons. The inspection of soot under the 
electron microscope indicates that it appears to consist of a number 
of roughly spherical particles (B2,F1,K1,P2,P3). Elementary soot
O
particles have mean diameters approximately 200-300 A (L2,S4,W1), 
corresponding to about 10^ carbon atoms (Wl). These elementary 
particles stick together to form the visible, fluffy soot particles. 
The soot particles do not differ significantly in size, when they 
are formed in a piston engine, a combustion chamber or a premixed 
flame (P2). X-ray diffraction (P2) shows that each particle is made 
up of a large number (about 10^) of crystallites. The crystallite
O
dimensions are of the order of 20 to 30 A. Each crystallite is shown 
by electron diffraction to consist of 5 to 10 sheets of graphite
like lamellae, each containing a hundred or so carbon atoms. The 
sheets are stacked randomly on top of one another with the result 
that the soot density is (about 1.86 gm/cm) less than that of graphite 
(2 gm/cm).
The major difference between soot and pure graphite is that soot 
contains about one to five percent hydrogen by weight (Dl,L3,Tl), 
or approximately 12 to 36 percent hydrogen on an atomic basis (Tl). 
Even more hydrogen is contained in young soot. Some traces of other 
elements, depending upon the fuel and conditions of formation, are 
also present. Electron diffraction indicates that the presence of 
C-C bonds in soot (Wl). Soot particles, collected during their 
growth, show electron spin resonance signals, much stronger than 
those of fully developed particles (H2,T1,W1), demonstrating that 
they possess unpaired electrons and indicating that free radicals 
are involved in the soot formation process. On the ether hand, soot 
extracted from premixed flames has been observed to contain positive 
ions (C1,C2,C3,C4,C5,D2,P3).
Effect of Fuel Type on Sooting Tendencies
Early experimental laboratory programs dealing with the formation 
of carbon in flames were designed to rank organic compounds according 
to their "smoking tendency". In general, quantitative data as to 
the quantity of soot formed was not obtained. Very old laminar 
diffusion flames experiments (K2) used the height to which a flame 
in a wick lamp could be adjusted without sooting from the tip as a 
measure of the burning quality of kerosenes. The reciprocal of the 
flame height in a similar lamp has also been used as a measure of the
smoking tendency (Ml). In the work with free diffusion flames above 
circular pools of organic liquids (C6), the flame height could be 
varied by changing the diameter of the pool, and the "smoke point" 
was defined as the length of the shortest flame that exhibited 
visible smoke. Since smoking tendency should be higher for lower 
smoke points, the smoking tendency of the fuel was defined to be 
equal to a constant times the inverse of the smoke point. A 
standard "smoke point" test has also been developed for evaluating 
aviation turbine fuels (Al). Sooting tendencies have been sum­
marized (B3) for the fuels studied in laminar diffusion flames: 
n-alkanes < isoalkanes < alkenes and cycloalkanes < 
alkynes < benzene and alkyl benzenes < naphthalenes 
The sooting order for aliphatic hydrocarbons in diffusion 
flames has been found to be increased with increasing flame 
temperature. However, this observation is not valid for aromatics, 
since benzene has a higher propensity to form soot and a lower 
flame temperature than aliphatic hydrocarbons (Gl).
The above data indicated that the most important factor to 
determine the relative smoking tendency of hydrocarbon fuels is the 
fuel structure, or the C/H ratio of the fuel. Thus aromatics 
were expected to smoke more readily than alkynes, alkenes, and 
paraffins in that order. Friswell (FI) has used hydrogen content, 
aromatic content, smoke point, and mid-boiling temperature as the 
parameters to correlate the smoke index, defined as the smoke 
emissions from test fuel divided by the smoke emissions from
reference fuel. He found that the hydrogen content gives the best 
prediction of smoke formation tendency and flame radiation.
It is interesting to study fuel blends since practical fuels are 
usually not pure hydrocarbons. Mixtures of aromatics, naphthenes 
and paraffins of a similar boiling range prepared from crude oil has 
been studied (Ml); the sooting tendency was proportional to the 
volume percentage, of aromatic hydrocarbons. The mixture of pure 
aromatics and n-dodecane also has been studied on a wick lamp, for 
sec-butylbenzene and a-methyl naphthalene, the smoke point dropped 
rapidly in an nonlinear manner with increasing percentage of 
aromatics. Quantitative study of soot production of blends of iso­
octane and toluene were tested on a jet stirred tank reactor (El). 
Increases in the volume percent of toluene result in increased soot 
production at all equivalence ratios. The soot production is also found 
to decrease linearly with the hydrogen content of the blends.
The effect of fuel type on the sooting limit has been studied in 
premixed adiabatic flames (S5). The soot limit is defined as the 
ratio of fuel to oxidzer in the unburnt gas mixtures at which the 
yellow luminosity of carbon particles is just detectable. The following 
ranking has been observed:
acetylene < alkenes < isoalkanes < alkanes < benzene 
and alkylbenzenes < alkylnaphthalenes
Grumer et al (G2) studied yellow-tip limits of bunsen burner 
flames, such limits are defined as the fuel-air composition of the 
stream in the burner port for which yellow is just perceptible anywhere 
above the port. The sooting tendencies he found agreed well with the 
data of Street and Thomas (S5) although the order of alkanes and
alkenes were reversed:
acetylene < alkanes < alkenes < monocyclic aromatics
6
Daniels (D3) reviewed the work of Street and Thomas (S5) and 
found a linear relationship between number of carbon atoms in normal 
alkanes and alkenes and the number of oxygen number per molecule of 
hydrocarbon necessary to suppress carbon formation in premixed flames. 
From the limited amount of data available, a similar relationship also 
appears to hold for isoalkanes.
Miller and Calcote (M2) studied hydrocarbon-air flames in a 
premixed burner and found that flames about 10 to 20% richer than 
those of Street and Thomas (S5) could be burned without sooting, while 
the sooting tendency was similar.
Qualitative Formation Mechanism
Due to the complexity of the soot formation process, the detailed 
mechanisms leading to the formation of soot has not yet been established. 
The difficult problem is explaining how simple fuel molecules, con­
taining only a few carbon atoms each, are rapidly converted into huge 
soot particles. It is expected that dehydrogenation, cyclization, 
aromatization, and condensation must occur. The difficulty is knowing 
in which order, to what extent, and how these process occur. The key 
intermediates and building blocks in soot formation are also unknown.
Some of the major qualitative theories are summarized below:
1. The C, C£ and Theory
Gaydon and Wolfhard (G3) suggested that monatomic carbon plays an 
important role in nucleation. Smith (S6) proposed that solid carbon 
results from the C2 vapor polymerization, and Cabannes (C7) supported 
the idea that solid carbon arises from the condensation of vapor.
However, since soot is not graphite, these theories do not account for 
the additional hydrogen to soot.
2. The Boudouard Reaction Theory
Behrens (B4,B5) suggested that the Boudouard reaction, 2C0 = CC>2 + 
C(s) contributes to carbon formation in premixed flames. Again, soot 
is not carbon. Furthermore, this theory does not explain soot formation 
from the thermal decomposition of hydrocarbons.
3. The Acetylene Polymerization Theory
Porter (P4,P5) has stressed that carbon particles are formed from 
acetylene molecules by simultaneous polymerization and dehydrogenation. 
The polymerization procedes by way of the Diels-Alder reaction. The 
precursors to soot are believed to be acetylenic in character (H3).
These precursors form the virgin soot elements via polymerization and 
cyclization. Many other investigators (A2,B2,H2,T2) also support this 
theory.
4. The Butadiene Theory
Thomas (Tl) and Ray (Rl) argued that butadiene may be the most 
important intermediates in the soot formation process. Actually, 
this theory can be included in acetylene polymerization theory since 
butadiene can be an intermediate product during acetylene polymeriza­
tion. Diacetylene has also been viewed as an active intermediate in 
the pyrolysis of acetylene (Tl). Recently, Glassman (Gl) also 
advocated that the butadiene, either by itself, as a radical, or as a 
carbonium ion, is the crucial intermediate to soot nucleation.
5. The Aromatic Hydrocarbon Polymerization Theory
Rummel and Veh (R2) were the first to advocate that the formation 
of aromatics and polycyclic aromatic hydrocarbons preceeded the
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formation of soot. Many other investigators (A3,C7,G4,G5,G6,M3,P6,S5, 
T3) also made contributions to this theory. This theory explains the 
large polybenzenoid hydrocarbon structure of soot and the high sooting 
tendency of aromatics.
6. The Competition Theory
The former investigations were usually made at low temperatures. 
Graham (G7) found that soot yield increases with temperature during 
the pyrolysis of hydrocarbons. For temperature greater than 1850 K, 
the soot yield was reported to decrease with increasing temperature. 
Therefore, he claimed that the soot formation process was due to the 
competition between a direct route and an indirect route. The direct 
route is the direct condensation of aromatic hydrocarbons; the indirect 
route is due to the noncyclic hydrocarbon fragments, undergoing a slow 
polymerization to soot.
7. The Chemi-ionization Theory
Place and Weinberg (P3) studied the effect of fields on carbon 
formation in premixed flames and suggested that positive flame ions 
act as nuclei. Lahaye and Prado (L4) disagreed with this inter­
pretation and postulated that the electrical field would carry the 
ions out of the oxidation zone, increase the ion concentration in the 
pyrolysis zone, and thus change conditions for nucleation. Calcote 
et al (C1,C2,C3,C4,C5,M4) used ion mass spectropy measurements to 
support the existence of positive hydrocarbon ions in flames. Delfau 
et al (D2) also found that there are two groups of ions, that is, that 
small and lar^e positive ions existed in sooting low pressure ethylene 
and acetylene flames. The small ions are claimed to be H^O*, and
and their importance decreased when the fuel equivalence ratio
9
increased. The large positive ions were proposed to be polycyclic 
aromatic hydrocarbon ions, although their identification was not 
possible. The occurrance of both small and large positive ions was 
suggested to result from self-thermoionization of small and large 
carbon particles, respectively.
Chemi-ionization theory supporters claimed that the positive 
hydrocarbon ions should serve as a nuclei, because there appears to
be some difficulty in accounting for the rapid production of soot by
reasonable free radical rates (C5). However, the free radical
mechanism supporters questioned that decomposition leading to
carbonium cations and carbonium anions occured because this process
requires about three times as much energy as the radical mechanism
(F2). Homann (Gl) also questioned whether ions could be the
primary route to soot since the concentration of ions in the absence
of an electric field is several order of magnitude lower than that
of the free radicals. Wersborg (W2) measured the number of charged
particles in a premixed flame of acetylene to be 30%.
Goals
The goals of this research study are to design and conduct 
experiments which critically determine the thermodynamic and kinetic 
state of soot formation from a typical aromatic fuel, such that at 
least one set of experimental data for establishing a kinetic model 
for soot formation are firmly established. It is anticipated that 
starting with aromatic molecules will eliminate the need for forming 
these rings from smaller hydrocarbon fragments; hence, the poly­
merization and condensation aspects of soot formation will be
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emphasized in these studies. It is precisely in this aspect of 
soot formation that synthetic fuels are believed to behave quite 
differently from petroleum fuels and that the least amount of 
experimental data exists.
Toluene was chosen as the fuel to be studied. Shock tube 
experiments were chosen as the means to form soot. To insure that 
these data are correctly interpreted, sufficient computations and 
the accompanying physical property data will be utilized to integrate 




The primary objective of this research is to develop a better 
understanding of the soot formation process from aromatic hydrocarbons. 
These results can be subsequently utilized to optimize the performance 
and minimize soot emission in new generation combustors. Since shock 
tube experiments can be used to generate several kinds of very inter­
esting measurements of the soot formation process, these experiments 
were used exclusively. Similar data already exist for simple fuel 
molecules. However, since the precursor to soot formation are large 
molecules and since soot is an agglomeration of molecules, mechanisms 
for formation rates have not been established. Neither the thermo­
dynamic properties nor the identity of the important precursors 
to soot have yet been determined. Hence, the sooting characteristics 
of aromatic fuels may be efficiently studied by measuring and 
correlating the aforementioned data for pertinent fuel molecules, 
which include aromatics with various branches and degrees of 
aromaticity. Hypothesised precursors and soot structure will allow 
estimation of essential thermodynamic and kinetics data such that 
mechanisms may be postulated and compared to these correlations.
The behavior of benzene, toluene, and acetylene shall be firmly 
established first. Next, mixtures of these basic fuel molecules, 
then multiple-ring compounds and finally, actual fuel blends should 
be studied. This investigation shall be limited to study of toluene, 
with a few comparisons being made to other fuel molecules. The 
specific objectives of this study are summarized below:
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1. To measure the critical fuel/oxidizer equivalence ratio (C/0 
atom ratio) for incipient soot formation in toluene/oxygen/argon 
mixtures in the temperature and pressure range of interest in most 
combustors.
2. To experimentally determine global soot formation delay 
times and apparent soot formation rate correlation equations for 
toluene in toluene/argon and toluene/oxygen/argon mixtures.
3. To develop soot yields studies at temperatures and pressures 
of interest in most combustors for toluene and other fuels such as 
acetylene, 1,3-butadiene and benzene to better understand the role of 
some intermediates in the route to soot formation.
A. To develop a predictive scheme for the thermochemical proper­
ties of polycyclic aromatic hydrocarbons. These species are of special 
interest as possible key intermediates and products in the soot 
formation process. Therefore a thermodynamic analysis of the soot 
formation process can be achieved.
5. To analyze the experimental results along with suitable 
literature data to develop a preliminary chemical kinetic model that 
describes soot formation from toluene.
Experimental Facilities
The research was conducted in the Combustion Laboratory of 
Louisiana State University. The experimental facilities used in this 
study include a conventional shock tube and a He-Ne laser along with 
associated electronic equipment. The basic shock tube facility will 
be described first, and the He-Ne laser facility will then be discussed.
Incipient soot formation has been studied in a stainless-steel 
conventional shock tube, since it possesses the following advantages:
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1. The shock tube has the capability of studying the kinetics
of interest over a wide range of temperatures and pressures.
2. The reactant gases could be rapidly and homogeneously heated 
to predicted temperatures and pressures.
3. The heating interval is very fast in comparison to the time
scale of the chemical reactions being studied.
4. Catalytic reactions with the vessel walls and the heat 
transfer to the walls are negligible (B6).
The shock tube, schmatically shown in Fig. 2.1, has a 7.62 cm 
inside diameter, a 3 m driver section, and a 7.3 m driven section.
Room temperature high purity helium, was employed as the driver gas.
A double diaphragm bursting technique, using different thickness 
of mylar plastic diaphragms, was used in all experiments. An end 
plug was made such that the end wall could be placed 8 mm from the 
line-of-sight of optical measurement. Actually, two end plugs were 
available so that either two pair of observation ports may be used; 
the 8 mm distance is the same, but the shock tube has slightly different 
lengths in the two cases.
Both mechanical and diffusion pumps, were used in the shock tube 
gas handling and vacuum system. The entire shock tube, gas handling 
manifold, and reactant tank lines were evacuated with an Edwards 
High Vacuum double stage Speedivac ED 500 mechanical vacuum pump with 
a rated blank off pressure of 1.0E-4 torr for a clean shock tube and 
a 500 1 per second pumping capacity. An Edwards Speedivac E0 4 oil 
diffusion pump was used to produce a high vacuum in the shock tube 
driven section and gas-handling manifold. The oil diffusion pump was 
fitted with a liquid nitrogen trap and was continuously water cooled.
The vacuum system allowed the driven section and the associated gas
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Figure 2.1 A schematic of the conventional shock tube facility.
handling manifold to be evacuated to 1.0E-5 torr. An Edwards ES 150 
mechanical pump was used to back the diffusion pump. Intermediate 
pressure measurements, in the range of 1 to 1000 microns, were moni­
tored with a Televac thermocouple gauge located in the test gas 
handling manifold. In addition, a Televac hot filament ionization 
gauge was used to measure the backing pressure of the diffusion 
pump as a safety precaution. Both vacuum readings were displayed 
using a Televac Solid State ionization gauge Model 3B-5-TC2-R 
power and readout unit. The total leak rate of the system was measured 
at less than 1.0E-4 torr per minute.
The fill pressure of the driven section and the reactant tanks
were measured with a 0 to 800 torr Model FA-145, Wallace and Tierman
Precision Dial manometer having smallest scale divisions of 1 torr.
The accuracy of the gauge was rated at 0.1% of full scale. Fill 
pressures in the driver section and reactant tanks were measured 
with three Heise Model C Precision gauges having ranges of 0 to 50 psig, 
0 to 500 psig, and 0 to 2500 psig, respectively. Those Heise pressure 
gauges also had accuries of 0.1% of full scale.
The state of the shock heated gas was calculated using experiment­
ally measured incident wavespeeds. The incident shock speed was
measured in a standard manner using the voltage signal generated by
the Atlantic Research LD-25 pressure pulse transducers to trigger a 
digital storage timer. The arrangements of these transducers is 
shown in Fig. 2.2.
The digital storage timer used to measure the incident shock 
speed was driven by a 10MHZ crystal oscillator. The first trigger 
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Figure 2.2 Schmatic of E x p e r i m e n t a l  Apparatus for the Measurement of Incipient Soot Formation
causes the value of the count to be written in the digital memory with 
a storage delay of less than 300 ns. This results in a net uncer­
tainty of lys for all the time intervals. Trigger signals from 
pressure transducers which produce voltage proportional to the pressure 
rise due to shock wave passage are preprocessed through an amplifier 
and comparator circiut to be compatiable with the internal transitor- 
transitor-logic (TTL) operation of the counter. Precise time 
measurements over all the time intervals needed for incident shock 
speeds to be measured were readily detected. Wave speed attenuation 
was estimated by the method given in Appendix A.
A schmatic of the He-Ne laser system is shown in Fig. 2.2. The 
absorption of the beam from a 15 mw continuous wave He-Ne Spectra-
O
Physics laser (centered at 6328 A) was used to detect the presence of 
soot. The laser beam was located so that the axis of the beam passed 
diametrically across through the shock tube at a position about 8 mm in 
front of the end wall. The laser light was spread across the cathode of 
an IP 28 photomultiplier by two 5 mil mylar diffusers set about 3 cm a- 
part. Two 3 mm diameter aperatures about 2 cm apart were placed at the 
front part of the detector housing to ensure that the light striking 
the photomultiplier originated from the shock tube and not stray
O
sources, such as room lights. A 100 A half-width interference filter 
centered on the laser wavelength defined the optical bandpass so that 
continuum emission from the glowing shock heated gas did not contribute 
to the signal.
Output signals from the photomultiplier and the pressure trans­
ducer, which are located at the same optical monitoring station, 
were displayed on a Nicolet Explorer Digital Oscilloscope. The signal
information is converted to a digital form, stored in a buffer memory, 
then transferred to the main frame memory for display purposes. A 
microprocessor controls the beam of the display cathode-ray tube.
Since young soot particles have been reported to be spherical in
O
shape and usually less than 300 A, in diameter, the small particle 
limit of Mie theory (M5) applies. The ratio of scattering efficiency
to extinction efficiency has been calculated to be very small (see
Chapter 4); so soot is considered to be only an emitter and absorber.
The emission signal from soot has been shown to be very small in
comparison with the absorption signal and can be neglected (R3).
The measurements were made behind the reflected shock wave in 
order to obtain a high temperature, isothermal optical path. Maximum 
test times of approximately 4 ms were available during these 
experiments. The maximum test time was determined by the time between 
shock arrival and the arrival of the expansion wave at the test 
station.
A typical experimental oscillogram is given in Fig. 2.3. P2 
denotes the incident pressure and P,- denotes the reflected pressure.
Note that pressure, the upper trace, increases in the downward direction. 
Note, also, that after the arrival of the reflected shock wave, the 
laser absorption signal increased (upward) after a short time delay 
(Tsoot^* ^he soot yield yt at time t and the apparent soot formation 
rate dl/dt can be obtained from the oscillogram trace. The constancy 
of the pressure trace confirmed an approximately constant temperature 
and pressure region before the arrival of the expansion wave. Values 
of the calculated reflected pressure from measured incident shock 
speed and readings from the absolute pressure transducer agreed tc 
within 0.2%.
Figure 2.3 A typical laser absorption and pressure oscillogram of 
the experimental records. T5 = 1641.3 °K, P5 = 5.03 atm.,
C5 => 0.3736E-04 moles/ml., 1(0) = -1016 mv., 1(2.5ms) = -986 mv.
The laser, digital storage timer, oscilloscope, and all the 
electronics power supplies were turned on and allowed to warm up 
for at least one hour prior to initiation of the experiments. The 
offset voltage in the amplifier and comparator boxes which determines 
the trigger level of the timer, were checked frequently on about 
three hours basis. The offset voltage were -1.5 volts for moderate 
shocks (P^ < 7.5 atm), and -0.575 volts for strong shocks (P^ > 7.5
atm) to avoid early fire on front transducers. Composite diaphragm 
technique was used to achieve a desired reflected pressure. After the 
installation of suitable diaphragms, valves between the driven 
section and the mechanical vacuum pump (roughing pump) were opened, 
the valve open to the test gas handling manifold was opened 30 
seconds later. The system were then pumped down below 10 microns 
as indicated by the thermocouple gauge. After it does so, the valve 
to the roughing pump was closed and that to the oil diffusion pump 
was opened. The valves to the roughing pump were opened to begin 
evacuation of the driver section once the driven section had been 
evacuated to less than 8E-5 torr. The shock tube was then ready for 
an experiment.
The intensity of the laser light output were checked by a digital 
voltmeter. The oscilloscope was set at "Held Next" mode and the 
sweep speed and vertical voltage scale were adjusted to a desired 
value. The driven section and gas handling manifold were then isolated 
from the diffusion pump. The driven section of the shock tube was 
then filled with the test gas mixture from mixture storage tank, 
the fill pressure was measured with a 0-800 torr Wallace and Tiernan 
dial manometer. After the driven section was filled with the test 
mixture, the driver section and the spacer section were isolated from
the roughing pump. They were simultaneously pressurized with helium 
gas to the desired pressures as read from the Heise pressure gauges. 
Usually, when the pressure reached approximately one half of the 
desired driver pressure, the spacer was isolated, and the driver 
was filled to the desired pressure. The whole system was continuously 
checked. The spacer was vented to the atmosphere, allowing the pres­
sure to drop until the pressure difference across the primary diaphragm 
became sufficient to cause it to rupture. The secondary diaphragm was 
then ruptured, almost simultaneously, and the expansion of the high 
pressure helium gas produced a traveling shock wave into the driven 
section of the tube.
After the experiment was completed, the timer readings were 
recorded and the oscillogram was stored in a eight track disk.
Residual pressure in the shock tube was vented into the laboratory 
exhaust system. The shock tube was then open to allow the cleaning of 
the tube by a wood pig wrapped with Kim wipes. It usually took 3-5 
times cleaning to remove all the diaphragm fragments and the soot 
deposition on the shock tube wall. Kim wipes were replaced each 
time. The optical windows were cleaned separately by dry wiping.
Argon shocks were used to further remove the trace amount of soot 
particles which still left in the shock tube; they also served as an 
examination' of the extent of cleaning. After the tube was cleaned, 
the diaphragms were replaced, the shock tube was closed and pumping 
was repeated.
MCB reagent grade toluene and benzene were used for the experiments. 
They were frozen in liquid nitrogen in a stainless steel container, 
and the air was pumped out. Their own vapor pressures were used to 
make mixtures with oxygen and argon. The gases used were obtained
from Matheson Gas Co. The gases used and their stated purity were: 
He(99. 995%) , Ar(99.995%), C4H6(99.99%) , 0^(99.99%), H2(99.9999%).
The gas mixtures were made manometrically, stored in desired stainless 
steel tanks, and allowed to mix for at least 48 hours before they 
were used for experimentation.
Thermochemistry
Due to the energy crisis, many complex synthetic fuels are 
being considered. However, the lack of information on the thermo­
chemical properties of the chemical species involved in the complex 
chemical reactions, especially those polycyclic aromatic hydrocarbons 
(PCAHs), becomes a handicap to most investigators. Those PCAHs 
are of special interest, since they are the key intermediates and 
products in soot formation process. Therefore, one has to generate 
his own thermochemistry library, based on the best available data.
Generally speaking, thermochemical data were taken from the 
literature whenever possible. Sometimes the extrapolation of data 
from an existing reliable source to higher temperatures was used.
Two predictive schemes were used to predict the thermochemical 
properties for polycyclic aromatic hydrocarbons.
It is convenient to use thermochemical data in a functional form. 
Coefficients for polynomial fits have been obtained from numerious 
sources, mainly from the work of API Project 44 (A4), Duff and Bauer 
at Los Alamos (D4,D5), NASA at Lewis (M6), Stull & et al at Michigan 
(S7) and JANAF (S8). The polynomical equation used for the heat 
capacity was of the form:
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The absolute enthalpy can be defined as 
T
HT° - /  Cp° dt + V ’ T <2-2)
T rr
where AH^, ^ is the heat of formation at the reference 
r
temperature Tr> usually taken at 298 K. Substituting equation (2-1) 
to (2-2),
y . a i  +  ^ I + ^ T2 + ^ T3 + ^ T V ^
Wh6re AH °f ’ T a_ 0 a„ Q a, , a,. c
= --------- - (a.  T + ■=- T + ~ r —  T + T - T  + -E- T ) (2-4)6 R l r 2 r  3 r  4 r  5 r
The definition of absolute entropy is
T c °
ST° = f  "t~ dT + ST° (2"5)
•̂r
Similiarly, substitution of equation (2-1) into (2-5) and integra­
tion, yields
^T a3 2 a4 3 a5 4= a, £nT + a„T + ■ = = - T + -r— T + 7—- T + a7 (2-6)R 1 2 2 3 4 7
Where c o 
T
a-, = - - a, £nT -a„T - - r ^ T 2 - - ^ - T 3 - - r ^ T 4 (2-7)7 R 1 r 2 r 2 r  3 r  4 r  
All of the thermochemical data obtained from various sources were 
firstly converted to the above seven coefficients functional forms, 
and stored in the thermochemistry library for use in the equilibrium 
composition calculation.
Since PCAHs are closely associated with the formation of soot.
The information on the thermochemical properties of the PCAHs is 
expected to be very important. However, owing to the lack of data for
the PCAHs, the following predictive scheme was utilized to generate 
the thermochemical properties of PCAHs.
Ring Additive Method
The difference of thermochemical properties of PCAHs was 
observed to be proportional to the difference of the heat of 
formation at 298 K. As shown in Fig. 2.4, benzophenanthrene
^18^12^' P^enant^rene ^14^10^’ naphthalene (C^Hg) and benzene 
(CgHg) have ring number of four, three, two and one, respectively. 
By knowing the heat of formation of phenanthrene, naphthalene and 
benzene, the thermochemical properties of benzophenanthrene can 
be estimated by adding an amount of "Z" to those of phenanthrene.
The disadvantage of this method was the lack of convergence 
to graphite as the rings builds up to large PCAHs. Also, the 
heat of formation has to rely on the published experimental data 
or be estimated by other methods such as Sanderson's method (S9) 
or the group additivity method described below.
Group Additivity Scheme
The group additivity scheme (GA) breaks down a given 
unsubstituted PCAH into four types of atomic bond groups. The 
first one is the C-H group appeared in benzene, Cg - (H), 
usually surrounded the PCAH molecule. C._ represents the carbonD
atom located on a benzene ring. Three other groups related with
the carbon atom are located at the border of two or three fused
rings. These three groups are (Cgp - (Cg) (CBF))> (CBF - ĈB^
(C^^) ) and (CDT? - (C ) ). C..̂, is the fused carbon atom. TheseBF 2 ox1 ox1 or
four groups can be represented by A, B, C and D for simplification. 
Fig. 2.5 shows there are 16 A groups, 6 B groups, 4 C groups and 




















x ^ f ’ C10H8 " AHf> C6H6 35.99 - 19.82 m 16.17
y * AHf, CiAH1q- AHf, C ^ H g  " 49.46 - 35.99 13.47
Z “ y + (y-x) ■ 13.47 - 2.7 * 10.77
Figure 2.4 Ring additive method for the prediction of the 
thermochemical properties of polycyclic aromatic hydrocarbons.
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GROUP CONTRIBUTIONS TO THE THERMOCHEMICAL PROPERTIES :
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WHERE
A - [CB - (H)]
B “ ĈBF ” ĈB^2^CBF^ 
C “ ^CbF ” ĈB ^ CBF^2  ̂
D - [CBF - (CB f V
Figure 2.5 Group contributions to the thennochemical properties of 
pyranthrene.
properties of pyranthrene, that is, heat capacities, enthalpies, 
entropies, including heat of formation, may be calculated from 
the summation of the contribution of 16 A groups, 6 B groups, 4 C 
groups and 4 D groups. The average difference between predicted 
and measured Ahf°29g f°r existed PCAHs were claimed (S10,S14) 
to be less than 2 Kcal/mole and generally falls within 
experimental uncertainties. Predicted entropies for gas phase 
species were in good agreement with rather limited existing data.
An uncertainty in extrapolation of group values of heat capacity 
to high temperatures arises from the neglect of the electronic 
contributions of all groups except for the D group, in which such 
contributions are intrinsically included. Such errors are expected 
to be small since convergence to graphite is assured.
In this study, the thermochemical properties for benzene, 
naphthalene, anthracene and phenanthrene which constitute the 
building blocks for the first three group values of GA method are 
provided by API investigators (A4,K3,K4,W3), while the data for 
the last building block was taken from JANAF table (S8). The 
GA method is expected to apply only to those PCAHs containing 
six-member rings since group values were derived from such 
compounds.
The contribution of the C-H group in benzene is used for 
the A group.
The first fused carbon group may be recognized as the un­
substituted carbon in naphthalene and anthracence, e.g.,
AHr°0oo n values for group B were derived from the measured f y zys) li
values for the heat of formation of naphthalene (k3).
The second fused carbon group may be found in phenanthrene. 
Therefore, 293 q values can be derived from the experi­
mental values for the heat of formation of phenanthrene (k4).
^, 2 9 8 , 0  = (AHf ,298,C14H10 " 10 x ^f°298,A (2_9)
2 x ^Hf>298,B^2
Due to the lack of high temperature thermochemical properties 
of phenanthrene, the heat capacity and entropy function for group 
B and group C were assumed to be the same. This was equivalent 
to assuming that the enthalpies and entropies of anthracene and 
phenanthrene are equal. Therefore, the thermochemical pro­
perties for group B and C were calculated from those values of 
naphthalene by subtracting the contribution from the eight A 
groups then divided by two.
For the last group, because of the similarity with the graph­
ite carbon atom and because very little data were available for 
PCAHs containing this group, the values of heat capacities were 
taken as those of graphite. Convergence of calculated thermo­
chemical properties to a gaseous graphite layer for very large 
highly condensed PCAHs was therefore assumed.
The heat of formation of the D group was estimated from the 
heat of sublimation of many condensed polynuclear aromatic 
hydrocarbons. A linear relationship has been found to exist 
between the heat of sublimation and the number of carbon atoms 
for large, fully congugated PCAHs. The heat of formation of 
group D was taken as 1.45 Kcal/mole from the slope (I1,M7,S10,W4). 
The linearity implies the existence of the additive characteristics
of the heat of formation among PCAHs. The value of entropy at 
298 K was estimated by (S10) to be 1.82 cal/mole*K.
The group additivity values for these four groups generated 
in this study are shown in Appendix B.
There were in total 133 species (Table 2.1) being generated in the 
C/H/0 system for use in the equilibrium composition calculation. A 
program, Pac 2(M8), was utilized in two ways. Firstly, the program can 
perform statistical mechanical calculation of thermochemical properties 
provided that molecular parameters based on ideal gas, rigid rotator 
and simple harmonic oscillator assumption such as moment inertia and 
bond frequencies are given, tables of thermochemical properties similar 
to JANAF Tables could be obtained. Secondly, the program can use tab­
ulated data such as given by API-44 projects or JANAF Tables and smooth 
it by performing standard seven coefficients polynomial fits. Most of 
the data which appeared in Table 2.1 were obtained in one of these ways 
The symbol after each species denotes the source or method of calcula­
tion and is illustrated as follows: L stands for NASA at Lewis (M6),
J is from JANAF Tables, DB is calculated based on Duff and Bauer's 
method (D4,D5), T denotes Technium (Israel)(B7), M is from Miller's 
work (M9), GA is predicted by group additivity scheme, RA is predicted 
by ring additive method, API based on data taken from API-44 Project,
B is from the compilation of Bahn (B7), S is based on the work of 
Shimanouchi (Sll); while was calculated by least square fit based
on the effect of loss of H from toluene. The H effect was estimated by 
subtracting the thermochemical properties of from C^H^. C12H9
was calculated the same way by subtracting a H atom from biphenyl; the 
H effect was estimated by subtracting the thermochemical properties of
C,Hc from CLH,.6 5 6 6
Table 2.1 Species being generated in C/H/O system
Species Source Species Source Species Source
Ar L Ar+ L C J
C(s) J C+ L C- J
CH J CH+ J ch2 J
ch3 J ch4 J C2 J
C2" J C2H J C2H2 J
C2H3 DB C2H4 J C2H5 B
C2H6 T C3 J c 3h DB
C3H2 DB C3H3 DB C3H4 S
C3H5 DB C3H6 DB C3H7 B
C3H8 T C4 J c4h DB
C4H2 DB C4H3 DB C4H4 DB
C4H6 DB C4H10 DB C5 J
C5H3 DB C6H DB C6H2 DB
C6H3 DB C6H4 DB C6H5 B
C6H6 API C6H10 API C6H12 API
C7H7 LSTSQ C7H8 API C7H16 API
C8H DB C8H2 DB C8H18 API
C10H8 API C12H9 LSTSQ C12H10 API
C14H10 GA C16H10 GA C18H12 GA(1)
C18H12 GA(2) C18H12 GA(3) C18H12 GA(4)
C18H12 GA(5) C20H12 GA C22H14 GA(1)
C22H14 GA(2) C22H14 GA(3) C22H14 GA(4)
C22H14 GA(5) C24H12 GA C24H14 GA
C24H18 RA C26H14 GA(1) C26H14 GA(2)
C26H16 GA(1) C26H16 GA(2) C28H14 GA
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Table 2.1 Continued
Species Source Species Source Species Source
C30H16 GA C30H18 GA(1) C30H18 GA(2)
C32H14 GA C32H16 GA C36H18 GA
C38H18 GA C40H16 GA C40H18 GA
C42H18 GA C44H18 GA C48H20 GA
C52H22 GA C54H18 GA C56H24 GA
C60H22 GA C60H24 GA C60H26 GA
C62H22 GA C66H24 GA C68H24 GA
C72H26 GA C74H26 GA C78H28 GA
C80H28 GA C84H30 GA C86H30 GA
C90H32 GA C92H32 GA C96H24 GA
C96H34 GA e L H J
H+ J h” J H2 J
c h2o J c h3o B&K(B9) CO J
CO 2 J c2o J C3°2 J
C2°H4 M C2H5° M H5C2° M
c2oh5 M H3C0 T CH. 0 4 T
C2H6° M C2H4° J C2H3° M
C6H6° API HCO J HO 2 J
H20 J H20(s ) L H20(1) L




The knowledge of chemical equilibrium composition of combustion 
systems at high temperatures is not only of theoretical interest but 
also may be useful as a guide to the complex kinetic scheme which 
occurs in such systems as they move toward a condition of equilibrium. 
The soot formation process is such that a small variety of PCAHs and 
small molecular fragments of the parent hydrocarbons might be important. 
The thermochemical equilibrium composition computation points out those 
species which are present in appreciable amount and suggests which 
species may be most important in the kinetic scheme which leads to 
equilibrium. Therefore, equilibrium calculations were performed for 
systems which included both small fragments and highly condensed 
polycyclic aromatic hydrocarbons.
Critical Fuel/Oxidizer Equivalence Ratio
Since oxygen exhibits a suppression effect on soot formation (R3), 
a soot formation threshold can be defined by the critical fuel/oxidizer 
ratio <f) , that is, at any temperature for which (j) < (j>c the fuel can be 
burned without sooting.
Furthermore, at (p > <p , that is, the amount of oxygen present is 
not always sufficient to suppress sooting, there exists an upper 
temperature limit above which soot will not form. An increase of 
temperature shifts the upper limit (p ratio to higher values; whereas, 
a decrease in temperature has the effect of reducing the ability of 
fuel to form soot. When the temperature is below the lower temperature 
limit, the fuel remains unreacted in the test time available. As the 
temperature is increased, the present results show that the rate of
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soot formation and the soot yield increase until the temperature reaches 
approximately 1800 K. At higher temperatures, the soot yield decreases 
until it becomes zero at the upper temperature limit. The fuel ceases 
to form soot because it decomposes to small gaseous hydrocarbon 
fragments and does not dehydrogenate and polymerize to form soot.
Former investigators (C6,C9,D3,D6,F3,G8,H2,P2,S5,S12,S13,T4) 
have suggested that soot formation is a kinetically controlled process.
They believe that the following chemical equation
aC H + x0o— ► 2xC0 + n/2H0 + (am-2x)C(s) (3-1)m n Z z
should define a soot formation threshold, with no soot formation 
when am < 2x, i.e., at any temperature when cf> < 1, no soot should 
be formed. Experimentally determined critical carbon to oxygen atom 
ratios, however, do not occur at the $ = 1 as predicted from the
above over simplified equation. Three different experiments utilizing 
the Bunsen burner (S5), a flat flame (Wl) and a well stirred reactor 
(W5,W6) give similar results for <j) , approximately 0.5 for most hydro­
carbon fuels. Pressure has very little effect on these values (R3,M10,
Wl). The equilibrium analysis is said to be over-simplified because 
only one chemical equation is considered. For such a complex chemical 
system, many equations must be satisfied simultaneously. Since, the 
route to soot formation is a very complicated process and since the 
burned gases CO2 and 1^0 can be measured when soot is present (Wl).
Consider the following reaction:
bC H + b(m + n/4) 0o — bmCCL + bn/2Ho0 (3-2)m n z z Z
In this case:
4> = (a + b) m/ (2x + 2b(m + n/4)) (3-3)
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Since the cirtical value of (j) for C(s) appears is am = 2x from 
chemical equation (3-1)
4> = (a + b)m/((a + b)m + b(m + n/2)) (3-4)
This expression is valid as long as CO 2 and 1^0 exist. Note 
that <f> will be less than unity. The actual process of soot formation 
should include no less than the above two simple chemical equations. 
Therefore, <j> should not necessarily be unity. Considering the fact 
that the generated soot can be oxidized to CC^ and small molecules 
or pyrolyzed to fragments, the soot formation process may be, essen­
tially, an equilibrium process which is strongly dependent on temper­
ature.
The upper and lower temperature limits for soot formation at a 
given (p were determined by performing experiments at constant 
concentration and pressures at various temperatures. Temperature 
was varied to produce soot and no soot results until the critical 
temperature was determined to within + 50 K.
The variation of the upper and lower temperature limits as a 
function of carbon to oxygen atom ratio is shown in Fig. 3.1. The 
pressure of these tests was 5 atm. The upper temperature limit 
increased with (p.
Chemical Equilibrium Calculation of Soot Forming Systems
Due to the lack of understanding of the thermochemical chemical 
properties of soot, graphite is usually taken to represent soot in 
equilibrium composition calculations. However, the highly condensed 
polycyclic aromatic hydrocarbons, usually viewed as the precursors 
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Figure 3.1 Soot formation limits in toluene/oxygen/argon mixtures 
at a reflected pressure of 5 atmosphere.
Therefore, the introduction of PCAH species into the thermochemical 
equilibrium calculation was accomplished.
The weight percentage of hydrogen in the fuel was moderately 
high, e.g., 7.7% for benzene and 8.7% for toluene. The hydrogen 
content will decrease as the ring builds up. Reported hydrogen content 
for soot is at least 1% while graphite is zero. Therefore, it can be 
expected that the thermochemical properties of soot or soot precursors 
should tend towards graphite but should not become exactly equal to 
graphite.
Fig. 3.2 shows an equilibrium composition with respect to tempera­
ture for 4> = 2 and a total pressure of 5 atm. A striking feature is 
that among all the PCAH's considered (ring number greater than two) 
only remains as a stable species. The concentration of £9^24
decreases with increasing temperature and then drops sharply at temp­
erature around 2300 K for the special case shown in Fig. 3.2. The 
difference between the observed upper temperature limit of soot 
formation and the disappearance of is very small. It appears
that the circumcircumcoronene, £9^24 (see Fig. 3.3), may be important 
soot precursor, i.e., the precursor at the last step of nucleation. 
Circumanthracene, the first PCAH ever proposed as being similar
to soot by Thomas (Tl) were not a stable species considered by the 
equilibrium composition calculation. This was not surprising since
C,„H,. was proposed on the basis of mean dimension of crystallites and 4u 16
hydrogen weight fraction and not on a thermodynamic basis. On the 
other hand, the hydrogen weight fraction of 2% which agrees
with that determined experimentally for soot (Dl,L3,Tl), the size of 
^"96^24 a^so agrees with what reported by Thomas (Tl) . Furthermore,
o, ,o 
^ - 7O l
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Figure 3.2 Equilibrium composition as a function of temperature for 
toluene/oxygen/argon mixture at 5 atm., 0.27., 0^ 0.357., 0 ■ 2.
Circumcircumcoronene 96 24
Figure 3.3 The structure of circumcircumcoronene.
the lamellae observed by electron diffraction (P2) consisting of about 
a hundred or so carbon atoms, also agrees vrith the ninty-six carbons in 
circumcircumcoronene.
The reason why may serve as the most important soot
precursor can be explained as follows. Since group additivity scheme 
assumes the convergence to graphite; high temperature thermodynamic 
stability increases with decreasing H/C ratio for a given carbon number, 
the most stable PCAH will have the most condensed configuration possible. 
If graphite (or some species larger than CqgH^) taken as soot, 
the high temperature limit would occur at temperatures much higher than 
those observed. Therefore, it is postulated that Cg^H^ is an 
infant soot particle which may then grow into larger particles and 
that if Cg6H24 does not tend to be formed (as indicated by equilibrium 
calculations) soot will not be formed.
The predicted upper temperature limit for soot formation, see 
Fig. 3.1, is in good agreement with the experimental results. The arrow 
in the figure means <j> occurred at lower temperature which has not shown. 
For example, for <J> = 0.99; (j) occurred at upper temperature limit 790 K.
In these calculations <p is fixed and T is calculated.
The equilibrium composition shows that the concentration of the 
fragments (for example, C2H, C2H2, C^H, C^H, etc.) increases with 
temperature. The starting fuel toluene, along with other ring 
preserved derivatives such as C^H^, and £^2^10 whose mole
fractions were less than 0.5E-8 for all assigned conditions, thus were 
neglected at equilibrium. The limited ionic species such as C+ , C ,
- f  — —CH , C£ , H , H were neglected in the equilibrium composition for the 
same reason. However, this does not mean the ions are not important 
during soot formation. On the contray, they might be very important
intermediates but become neutralized at equilibrium. 1,3 butadiene 
(C^H^), usually viewed as important soot constructing species by some 
investigators was neglected in the equilibrium composition. C^H, 
and were present in appreciable amounts. The other important
"building block" species, acetylene, did exist and increased with 
temperature. Again, neglecting intermediates in the equilibrium 
composition does not necessarily mean that they are unimportant in 
kinetic considerations.
CHAPTER A 
RESULTS OF KINETIC ANALYSIS 
The kinetics of soot formation is a difficult, long standing 
problem. Although a soot formation mechanism for conventional fuels 
has never been established, the soot formation kinetics from toluene 
is investigated in this study. Beginning with soot formation delay 
time studies, the soot yield studies, and the ratio of fuel to 
oxidizer effects along with sooting tendencies for various hydrocarbons 
were investigated. The correlation equations for initial soot formation 
rates were obtained. Two routes leading to soot formation are des­
cribed. Finally, a quasiglobal rate model was obtained for soot for­
mation during partial oxidation of toluene, and a quasiglobal mech­
anistic approach was proposed to predict the amount of soot production 
during pyrolysis. A better understanding of the soot formation 
process was thereby achieved.
Soot Formation Delay Time Studies
During the course of the soot formation experiments, a period 
ranging from approximately 20 to 2500 microsecond was observed before 
any absorption occurred. This period was defined as the soot formation 
delay time, Tsoot- interpreted as the time required for the
fragmentation or condensation process to form soot. The concept of 
soot formation delay time has been investigated for acetylene in early 
shock tube experiments (HA), for ethylbenzene (G7) , for acetylene, 
ethylene, and ethane (FA). Therefore, it is postulated that the 
measurement and correlation of the soot formation delay time can be a 
useful tool in studying the kinetics of sooting.
A1
For the pyrolysis of toluene, the following empirical equation
for correlating delay times was obtained:
T (ysec) - (2.62E-9)exp(35.6/RT)[C^Ho3"0,81[Ar]~0,14 (4-1)soot / o
Fig. 4.1 is a presentation of log a versus the reciprocal of
reflected shock temperatures, where
zr „  „ .,-0.81r .-0.14 , ,
a = Tsoot/[C7H8]  ̂  ̂ *
The solid line represents the correlation equation.
The value of -0.81 for the toluene dependency shows that soot 
forms earlier as toluene partial pressure increases. The value of 
-0.14 for the argon dependency indicates that soot forms earlier when 
total pressure increases (even though the carbon concentration remains 
constant). It is interesting to compare the correlation constants 
for toluene concentration with those for C2 hydrocarbons found by 
Fussey (F4); this comparison is shown in Table 4.1. The ring structured 
toluene does have a higher sooting tendency than that for straight 
chain C2 hydrocarbons.
Table 4.1 Correlation Constants for Soot Formation Delay Times
Hydrocarbon Fuel denpendency Reference
C0H, 0.23 F42 4
C2H2 0.41 F4
C2H6 0.42 F4
C-,H0 0.81 This study
/ £5
For the oxidation of toluene, the following correlation formula 
for soot formation delay times was obtained:
T (ysec)=(1.4E-16)exp(64/RT)[C^Hq]-1'91[0„]°* 78[Ar]~°’36 (4-3)SOOt / O L
Fig. 4.2 is a presentation of log $ against the reciprocal of 
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C7H8 °2 (C atoms/ml.)
0 0.15% 0.0875% 4.5E+17
A 0.60% 0.3500% 4.5E+17
+ 0 .20% 0.3500% 1.5E+17
X 0.30% 0.8750% 4.5E+17
❖ 0.30% 0.2100% 4.5E+17
o
/3 - 1.4E-16exp(64.0/RT)o
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1 / T  * 1 0 +*
7. 50
Figure 4.2 Correlation equation of soot formation delay time for 
toluene/oxygen/argon mixtures.
-1.91 [o2]0.78 [Ar]-0.36 (4-4)
The power dependencies for toluene and argon represent the same 
effect as in pyrolysis. The value of +0.78 for oxygen dependency shows 
the soot forms slower as oxygen partial pressure increases, i.e., the 
representation of the suppressing effect by molecular oxygen.
Soot Yield Studies
Mathematical Derivations From Mie Theory
The free and bound charges of any material are set into 
forced oscillation by an incident, periodic electromagnetic 
wave. The incident electromagnetic energy is partly scattered 
by the material, partly transmitted through it, and partly 
absorbed by the dissipative process within the material. There­
fore, the total cross section for a cloud of particles comprises 
energy removed from the incident beam both by scattering and 
absorption. This is designated as the extinction cross section, 
Ce, and it is sum of the scattering cross section and the absorp­
tion cross section.
C = C + C (4-5e s a
Most of the particles have an obvious geometrical cross 
section, A. Thus efficiency factor for extinction, scattering 
and absorption can be defined as follows:
Q = C /A xe e e
Q = C /A s s s
Q = C /A ^a a a
(4-6)
For quite general particles, these factors depend on the
orientation of the particle and on the state of polarization of
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the incident light. For spherical particles they are independent
of both and A = A = A = A. Therefore, we have e s s  ’
Qe = Qs + Qa (4-7)
In other words, one can say Q is the ratio of the energy
absorbed and converted into heat per unit time to the energy
incident per unit time on the projected area of the sphere,
while Q is the ratio of the energy absorbed and scattered per s
unit time to the energy incident on the projected area of the 
sphere.
The monochromatic emissivity observed along the path of
length, L, which is the diameter of the shock tube is given as
EA = 1 - (1 - Qg/Qe) exp {-Ka fv ps L}
= 1 - (l{t}/l{0}) (4-8)
Where p is the density of hot soot particles, usually s
assumed to be 1.86 g/cc (G7), f is the volume fraction of space 
in the shock tube occupied by the soot particle and KA is the 
spectral attenuation coefficient.
The calculation of extinction and scattering efficiencies 
from a cloud of particles was first formulated by Mie (K5,L3,M5), 
who developed a theory of particle attenuation from a study of 
Maxwell’s equations and give expressions for the extinction and 
scattering, in terms of the parameter x, and the complex re­
fractive index m of the particle material as follows:
00
Qe = h  i C  C2n + 1) Re {an + bn} (A"9)x n=l
co 2 2
Qs £  (2n + l)(|a I + |b I ) (4-10)
x n=l
Where x = Tid /A
Re { } means the real part of { }.
a and b are the Mie coefficients, defined in terms of com- n n *
plex spherical Bessel Functions and their derivatives (F5,L3).
When x < 0.5, the Mie series are readily convergent and can be
simplified to (D7):
Qg = Im {- 4x (m2 - 1)/(m2 + 2)} = f(d,A,m) (4-11)
2
Qg = (8/3) x4 |(m2 - l)/(m2 + 2)| = g(d,A,m) (4-12)
Where Im { } is the imaginary part of { }
0
Fig. 4.3 shows with incident light centered at 6328 A and
O
the soot particle diameter of less than 300 A, the simplified 
efficiency equation can represent the Mie equation very well.
Fig. 4.3 also shows the scattering is negligible compared with ab­
sorption in the region of interest, the scattering efficiency can 
thus be neglected.
E, = 1 - exp {-k, f p L} (4-13)A A v s
The attenuation of the incident laser light will be assumed to
be completely caused by absorption, i.e., is now the spectral
absorption coefficient.
Since the diameter of the soot particle, d, is so small, the
spectral absorption coefficient can be calculated from the small
particle limit of the Mie theory. It is given by
K, = N(7T/4)d2 Q = N(TT/4)d2Q (4-14)A  6  3
where N is the number of particles per unit mass (gm)
N = ((4Trr^/3) p ) * = 6/TTd̂ p (4-15)s s
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Figure 4.3 The comparison of extinction and scattering efficiency 
using Mie theory and simplified expression.
Ka = (3/2)(Qa/dps) (4-16)
Assuming that the particle volume of hydrogen in a soot 
particle is negligible in comparison with the particle volume of 
carbon,
C = N p f /12 (4-17)soot O S V
where Nq is the Avogadro's number and 12 (gm/mole) is the atomic
mass of carbon.
Combining equation (4-8) and equation (4-13), we get
In (l{t}/l{0}) = - K,f p L (4-18)A v s
Substituting equation (4-16) into equation (4-18)
In (l{t}/l(0>) = (-3/2)(f Q L/d) (4-19)V cl
Let E{m} = -Im {(m^ - l)/(m^ +2)} (4-20)
Substituting equation (4-11) into equation (4-19) yields 
In (l(t}/l{0}) = 6iTLfvE{m}/A (4-21)
or,
f = In (l(t}/l{0})A/6TTLE{m} (4-22)
Substituting equation (4-22) into equation (4-17) yields 
C = (N p A/72TTLE{m}) In (l{0}/l{t}) (4-23)S OOu o s
The concentration of soot can then be calculated from the 
experimental measurements of the original intensity of laser light, 
and the intensity of laser radiation after absorption, along with 
equation (4-23).
The Determination of Complex Refractive Index for Soot Particles 
To use the laser beam attenuation technique for measuring 
soot requires, that an accurate value of the complex refractive 
index (m = n - i n k ) .  Unfortunately, there are no substantial data
in the literature to document the correct value for flame soot or 
its dependence on wavelength or soot constitution. Experimental 
values of the complex refractive index in the visible region have 
been obtained for amorphous carbon (S4), reported for glassy soot 
(D7), acquired for deposited soot (CIO) and determined for com­
pressed soot (Dl). Table 4.2 shows these values which calculated
O
corresponding to an incident wavelength of 6328 A. Howarth's 
soot (L3) was not presented since it involved extrapolation of his 
data.
Table 4.2 Optical Properties of Selected Soots
Description n _ n k Reference
Dalzell's acetylene soot 1.568 0.443 Dl(1969)
Dalzell's propane soot 1.562 0.522 Dl(1969)
Gray's acetylene soot 1.9 0.35 010(1978)
Senftleben's carbon 1.59 0.66 S4(1960)
D'Alessio's methane soot 1.75 0.74 D7(1972)
Direct use of these values cause serious error, since all of 
the determinations were reported at room temperatures. It has 
been shown that absorption coefficient changes drastically at 
temperatures above 1400 K(B10). A partially acceptable dispersion 
equation (S4) has been derived for the calculation of the optical 
properties of carbon at flame temperatures. Since no completely 
acceptable equation or data exists, the refractive index as 
computed from this dispersion equation was used in this study. An 
E{m} value os 0.292 was obtained at 6328 A (n = 1.834, n k  =  0.825). 
Fig. 4.4 shows the comparisons of extinction efficiencies against 
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Figure 4.4 The comparison of extinction efficiencies versus 
parameter x(ird/A) using different complex refractive index values 
at 6328 A.
results for D'Alessio's glassy soot and Senftleben's amorphous 
carbon were close to that calculated from dispersion equation in 
the region of interest.
Results from the Soot Yield Study
The extent of soot conversion was determined at 2.5 ms after 
the reflected shock wave passed through the observation station, 
since this time precedes the arrival of the expansion wave and, 
usually, corresponds to the time of maximum or pleateau soot 
yield.
From equation (4-23) and the addition assumption that all 
the observed laser beam attenuation is caused by soot particles, 
the soot yield y at time t will be given by
y “ C ./C- = (N p A/72nLE{m}C,)ln(l{0}/l{t}) (4-24)soot 5 o s  5
where is the total concentration of carbon atoms behind the 
reflected shock wave.
Fig. 4.5 shows the suppression effect of oxygen on soot 
yield. The result is in agreement with the observation of Davis 
and Scully (D8,D9) that the addition of oxygen to benzene and 
toluene in burner experiments decreased soot yields. Norgren (Nl) 
also noticed that at 1500 K the concentration of soot in the 
primary zone of a combustor was reduced dramatically by oxidation.
At low temperatures, the suppression effect on soot yield was 
less than at higher temperatures. This fact can be tentatively 
explained by arguing that a direct attack of oxygen on the 
aromatic ring is difficult, and therefore unlikely, compared to 
















































F ig u r e 4.5 Comparison o f  s o o t  y i e ld s  a t  2 .5  ms a f t e r  th e  o n se t  o f
r e f l e c t e d  shocks fo r  oxygen dependency d u rin g  o x id a t io n  o f  to lu e n e .
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allowing soot formation. At high temperatures, oxygen may 
attack the ring directly (M11,M12), thus suppressing sooting.
Fig. 4.6 shows that an increase of toluene partial pressure 
during the oxidation of toluene increases the fractional conversion 
to soot. The distinctive temperature effect shown in previous 
figure still exists.
Fig. 4.7 shows the pressure effect on soot conversion during 
the oxidation of toluene. Notice that the availability of 
carbon was the same for both mixtures, so they were compared 
on an equivalent basis. A very interesting phenomena has been 
observed at temperatures below around 1800 K, which was usually 
the temperature of maximum soot yield; namely, the increase of 
pressure increases the soot yield. This may be explained by 
postulating that the aromatic ring structure tends to be pre­
served at lower temperatures; the increase of pressure will ac­
celerate the condensation formation process. At higher temper­
atures, the increase of pressure promotes the fragmentation pro­
cess; hence, the soot yield decreases.
Fig. 4.-8 shows fragmentation of toluene was not a major soot 
producing step, since the soot yield was apparently depressed 
when half of the carbon atoms in the toluene are replaced by 
carbon atoms from acetylene. On the other hand, adding modest 
amounts of hydrogen does not reduce the soot yield. Since de­
hydrogenation is expected to be an important step in sooting 
process, the extra hydrogen should retard this process, but it 
did not. More hydrogen may show the expected effect. This point 
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F ig u re  4.6 Comparison o f  s o o t  y i e l d s  a t  2 .5  ms a f t e r  th e  o n se t  o f






















F ig u re  4 .7 Comparison o f  s o o t  y i e l d s  a t  2 .5  ms a f t e r  th e  o n se t  o f

























F ig u re  4.8 Comparison o f  s o o t  y i e l d s  a t  2 .5  ms a f t e r  th e  o n se t  o f
r e f l e c t e d  sh o c k s .
The comparison of soot yield against time, as shown in Fig. 
4.9, further indicates that soot formation from the condensation 
of the aromatic rings is much faster than that from the poly­
merization of fragments such as acetylene.
With the availability of carbon atoms fixed, the soot yield 
from benzene was much higher than toluene during oxidation, as 
shown in Fig. 4.10. Hence, the number of aromatic rings 
apparently determines the amount of soot conversion.
The result of fractional soot yield during pyrolysis of 
toluene has been shown in Fig. 4.11, The same fuel partial 
pressure effects and the total pressure effects were observed 
as in oxidation.
The fractional conversion to soot has been substantially 
depressed by hydrogen as shown in Fig. 4.12. This observation 
proves the dehydrogenation process during soot formation and 
supported by Le Chatelier's Principle for a system approach to 
equilibrium. This result also indicates that not only the fuel 
structure and the H/C ratio of the fuel determine the sooting 
tendency, but also the hydrogen content of the mixture. Acetylene 
fuel with the same carbon atom availability shows very small 
soot yield. Therefore, the condensation process and dehydrogen­
ation process have been confirmed as the important steps in soot 
formation from toluene. Graham’s data (G9) for various fuels 
were plotted in Fig. 4.12 for comparison. The E(m} value of 0.24 
used by Graham was adjusted to 0.292 due to the consideration of 
the temperature effect on refractive index. This adjustment 
is essential to avoid predicting conversions in excess of 100%.
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Figure 4.9 Comparison of soot yields during oxidation of 
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CD 0 0.357. 0.875% 0 4.5E+17
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F ig u re  4.10 Comparsion o f  s o o t  y i e l d s  a t  2 .5  ms a f t e r  th e  o n se t  o f
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Figure 4.11 Comparsion of soot yields at 2 .5  ms after the onset of
reflected shocks for the pyrolysis of toluene/argon mixtures.
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Figure 4.12 Comparison of soot yields at 2.5 ms after the onset 
of reflected shocks for the pyrolysis of various hydrocarbon and 
argon mixtures at same carbon atom concentration. C,. - 2.0E+17 
C atoms/ml.
The soot yield predicted by using a value of 0.24 is about 1.2 
times than that predicted by using a value of 0.292. Furthermore, 
the 0.24 was a previous adjustment from Dazell and Sarofim's data 
by Graham to avoid a soot conversion efficiency greater than one. 
Graham's assumption that all the absorbing species have a constant 
E{m} value was utilized. Both sets of data are in good agreement, 
since acetylene falls in the same region and toluene data falls 
in the aromatic region. From this figure, it was confirmed that 
aromatic hydrocarbons have a higher conversion ability for 
converting parent hydrocarbon into soot than those nonaromatic 
hydrocarbons, while the noncyclic acetylene gives the lowest 
yield throughout the entire temperature range. Toluene has the 
highest yield among those aromatics compared since it only needs 
to give up one methyl group to complete a benzene ring structure. 
The soot yields of 1,3 butadiene were in between those of 
toluene and acetylene.
The observation of the soot yield for aromatics and non- 
aromatics indicates that there was a fundamental difference in 
soot formation mechanisms for these fuels. Specifically, 
aromaticization was a sufficient step to the formation of soot.
If aromatization is a necessary step to sooting, then it is 
obvious that the nonaromatics require additional time for the 
polybenzenoid hydrocarbon structure to form.
Edelman (El) has observed the sooting characteristics of dif­
ferent fuels and grouped them into three categories. The first 
category behaves like ethylene; this group produced large amounts 
of exhaust hydrocarbons without sooting. The second category
behaves like toluene by producing large amounts of soot when the 
mixtures are slightly rich. The third group contains only one 
species, 1-methy1-naphthalene, and produces even higher soot 
quantitites than those in the second category.
A combination of Edelman's and Graham's observations along 
with our experimental results is summarized into three groups 
of decreasing sooting tendency as shown in Table 4.3. Group I 
contains mostly the aromatics except indene. 1-methy1- 
naphthalene was placed on top since it contains two complete 
aromatic rings. Cycloheptatriene is a seven carbon member ring 
but can undergo a rapid ring contraction and then aromatize 
to form benzyl radical (G9), thus produces a large amount of 
soot yield.
Group II is nonaromatics containing cyclic and 
dienes, cyclopentene and 1,3 butadiene. 1,3- and 1,4-cyclo- 
hexadiene can both undergo an initial dehydrogenation to give 
cyclohexadienyl radical. The internal energy of the unconjugated
1,4-diene is higher than that of the 1,3-diene; therefore, it forms 
cyclohexadienyl radical more easily and gives higher soot yields 
than 1,3-diene (G9), as shown in Fig. 4.12. Cyclopentadiene may 
dimerize to become dicyclopentadiene then via condensation 
polymerization to form soot; this is why dicyclopentadiene was 
placed in group I. 1,3 butadiene has higher yield than most of 
the nonaromatics although it is not a cyclic hydrocarbon.
Among the hydrocarbons in group III, pyridine, which ful­
fills the Huckel's 4n + 2 rule for aromatics, has a small soot 
yield owing to its heterocyclic characteristics.
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Table 4.3 Sooting tendencies for various hydrocarbons 












Group II - Nonaromatics, containing cyclic and dienes, 
cyclopentene and butadiene - with intermediate sooting tendency 
Species References
1.4-cyclohexadiene G9









pyridine (heterocyclic aromatics) G9
cyclohexane G9,E1










Fig. 4.13 compares the soot yields during the pyrolysis 
of toluene, 1,3-butadiene and acetylene at 1860 K. The aromatic 
toluene soots rapidly at about 10 microseconds, while 1,3-butadiene 
and acetylene have about the same delay times of 600 microseconds.
1,3-butadiene has a medium soot yield compare to the high yield 
of toluene and low yield of acetylene. It may be postulated 
that 1,3-butadiene is an important intermediate in soot formation 
from fragments, but not an essential intermediate during conden­
sation polymerization of aromatic fuels such as toluene.
Apparent Soot Formation Rate Studies
During a typical experiment the laser signal was constant for 
a significant period of times previously defined as the Soot 
formation delay time. Following this delay a rapid increase in 
signal occurred. To calculate a rate of initial soot formation a 
straight line tangent to this initial signal was constructed. The 
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Figure 4 .1 3 Comparison of soot yields during pyrolysis of toluene,
1,3-butadiene and acetylene as a functiou of time, T. ■ 1860 K,
■ 2.0E+17 C atoms/ml.
Therefore, an apparent soot formation rate equation can be 
formulated as
molecules, and A is the atomic weight of carbon atoms.’ w b
The apparent soot formation rate has been observed to increase 
with temperature. At temperatures above about 1800 K, a very 
distinctive decrease of the rate was observed. It is therfore 
postulated that at temperatures less than 1800 K, the soot 
formation from toluene is predominately condensation/polymeriza­
tion process. When at temperatures greater than 1800 K, the 
fuel fragmentation process begins to take over thereby decreasing 
the soot formation rate. This observation is in agreement with 
Bittner and Howard (G1,B11) where studies on the pyrolysis of 
benzene reveal that there is a ring fracture above 1800 K.
The correlation equation of apparent soot formation rate 
for toluene/argon mixtures was obtained as:
R ^(g/ml*ysec)= soot °
Cs (fuel%)(N )(A )y
D C Ww t dl 
dt (4-26)1(0} - l{t}
Where Nc is the number of carbon atoms per mole of fuel
R  ̂ (g/ml*ysec) soot b
=(1.04E+7) exp {-[29.71/RT + a(~39.7/R)(1/T - 1/Tm)]}
(4-27)
The variable o was used so that both the high and low
temperature regions could be represented. T^ is the critical 
temperature above which fragmentation occurs; it is 1800 K.
a is zero if T < T ; otherwise, it is unity.m
Fig. 4.14 is a plot of the log Y against the reciprocal of 
the reflected shock temperature, where
^ ■ Rsoot/[W 1-48 ‘Arl°'24 <4-28>
The power dependencies on both toluene and argon are
positive, which means that an increase of pressure or toluene 
concentration tends to increase the apparent rate. This is in 
agreement with the previous results on delay time and yield 
studies.
For the toluene/oxygen/argon mixtures, the correlation equa­
tion of apparent soot formation rates was determined to be:
R (g/ml*ysec)soot
= (5.55 E+10) exp {-[(41.8)/RT + a (-48.1/R) (1/T - 1/Tj ]}
r_ „ ,2.59 rn ,-0.71 r. .0.13 
7 8 2 ~  ̂ ^
The negative power dependency of oxygen confirms the 
suppression effect on the apparent rate by oxygen.
A plot of log 6 versus the reciprocal of temperature is shown 
in Fig. 4.15, where
6 = Rsoot/[C7H8]2-59 t02r°-71 [Ar]0'13 (4-30)
Mechanism of Soot Formation from the Pyrolysis of Toluene
From the discussions in Chapter 1; the Free radical mechanism and
the ion mechanism were the two major theories which have been proposed.
The thermal decomposition can thus be expressed as follows:
C_H0 —— A* + B* (radical mechanism)7 o
CnH0 — A+ 4- B (ion mechanism) (4-31)/ o

























7 - (1.04E+7)exp(-(E1/RT+ O (E,/R) (l/T-l/T ))1 I  m
E^ «■ 29.7 Kcal/mole
=*-39.7 Kcal/mole
T - 1800 °K m
or - 0 if T < T m
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Figure 4.15 Correlation equation of apparent soot formation rate for
toluene/oxygen/argon mixtures.
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The role which ions play in soot formation is still speculative. 
Both radicals and ions may contribute to soot formation. However, 
due to the additional energy required for ion formation and the larger 
number of radicals than ions, the radicals should contribute more to 
nucleation. The ions may actually suppress the growth of the soot 
particle because of repulsion effects. Therefore, the following 
discussions will be based on radical mechanisms, but the existence 
of the ion mechanism is not denied.
The possible primary pyrolysis products for toluene are benzene 
molecules, phenyl radicals and benzyl radicals. The existence of ben­
zene has been confirmed by gas chromatography measurements (M12), and 
the existence of benzyl radical and phenyl radical have been reported 
from mass spectrometry measurements (S15) of the pyrolysis products 
from toluene. Biphenyl can thus be produced by the following step (F6):
C6fi6 + C6H5 ~  C12H10 + H (4'32)
Biphenyl is a very important soot precursor since it can serve 
as a "bridge" to allow ring condensation. A possible route leading 
to C^H via condensation/polymerization is shown in Fig. 4.16. One 
can see after the triphenylene has been formed, it serves as an even 
better "bridge" since it provides three "holes" to allow ring conden­
sation. This explains the rapidity and amount of soot formed by 
aromatics, since they use this direct route. At the final stage,
C2 hydrocarbons participated in the block building to complete the
C„,H„. structure. This is reasonable since one can not expect that 96 24
only soot particles build up by condensation of the rings without some 
contribution from the C^  hydrocarbons since equilibrium considerations 
suggest that they are present in significant amounts. The
Figure 4.16 A possible route leading to C96H24 via 
condensation/polymerization process.
hydrocarbon means any of the C2H2> C2H, and/or C2H2 species. There­
fore, it appears that both and C2 hydrocarbons are key intermediates 
in polybenzenoid structure construction.
As the result of ring cracking by the rising of the temperature, 
especially when temperature greater than 1800 K, soot possibly forms 
via the indirect route. Fig. 4.17 shows a possible route leading to 
soot via this process. hydrocarbons can be C^H, anc* ^4^3* (-)ne
can see that the constructing of the polybenzenoid structure by fragments 
is much more complicated than the direct ring condensation although the 
ultimate product is still the same. Passible other by-products which 
do not go to soot will decompose to small fragments.
C2 and hydrocarbons are the key intermediates contribute to 
the fragmentation/polymerization process. One can expect that when the 
direct route and the indirect route are competitive with each other, C2, 
and Cg hydrocarbons will all contribute to soot formation.
The complexity of the soot formation process precludes its
description with a mechanism of elementary reactions. However, by
observing that the calculated equilibrium composition of the decomposed
toluene contains no ring preserved species except for itself,
the ring structured species must condense and dehydrogenate to form
soot. Some mechanism must be provided for the initial pyrolysis of
toluene, since reactions do occur. The fragments from the pyrolysis,
which include aromatic radicals, would then condense and polymerize
to form Ca^H.., the model of soot used herein. Finally, the rates yb
suggested should be such that the equilibrium soot concentration is 
recovered at long times. A quasiglobal mechanistic approach was 
developed to represent the necessary formation steps. This approach
Figure 4J7 A possible route leading to 
C96H24 via fragmentation/polymerization 
process.
was based upon a set of detailed elementary steps for toluene pyrolysis. 
The correlations reported herein can be used to describe the formation 
delay time and the rate of soot nucleation. If these two steps are 
neglected, the pyrolysis analysis indicates several ring-preserved 
species are present at long times. These species may be summed to 
represent the mass fraction of soot at near equilibrium conditions.
This procedure, as expected, overpredicts the amount of soot present 
at intermediate times. Details of these steps are now presented and 
are to be followed by a comparison of this model with experimental 
observations.
Table 4.4 shows the detailed mechanistic steps which describe 
the pyrolysis of toluene, Reaction (1) to (3) accounts for primary 
pyrolysis of toluene without breaking the ring. The rate constant 
for reaction (1) was originally proposed by Price (P7) and then adjusted 
by Benson (B12). Reactions (1) and (3) generate benzyl radical and 
reaction (2) produces phenyl radical. Phenyl radical is formed by 
reaction (27) and (28). The including of reaction (27) and (28) is 
reasonable since benzene is a confirmed pyrolysis product of toluene 
(M12).
Biphenyl, the bridge of soot, is produced from equation (29) 
by the reaction of one benzene molecule and one phenyl radical. Ring 
rupture is accomplished by reactions (4) and (5). A series of fragmen­
tation processes then takes place. Reactions (17) to (26) show some 
limited growth of the chain from the fragments.
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Table 4.4 Quasiglobal Mechanistic scheme for toluene pyrolysis
Reaction Rate Constant Source
(1) C7H8 — C?H7 + H 3.2E15exp(-88302/RT) B12
(2) C7H8 — C^Hc + CH„ 6 5 3 1.0E17exp(-104417/RT) Ml 3
(3) C7H8 + H — c?h7 + h2 1.0E14exp(-6796/RT) Mil
(4) C7H7 — cah3 + c3h4 1.0E15exp(-101993/RT) Mil
(5) C6H5 — C4H3 + C2H2
3.2El4exp(-86000/RT) F6
(6) C4H3 — ► C H + H 1.0El4exp(-59014/RT) Mil
(7) C4H3 — ►
4 fa
c2h + c2h2 1.0El4exp(-59014/RT) Mil
(8) C3H5 — ► CH„ + C_H„ 1.0El4exp(-54007/RT) Milv** A • O O
(9) C3H5 — *■ C„H, + H 3 4 1.3E13exp(-61180/RT) A5,F6
(10) C3H4 — ch3 + c2h 1.0E15exp(-101993/RT) Mil
(11) C3H4 — c2h2 + ch2 1.0El5exp(-101993/RT) Mil
(12) C2H3 + M — c2h2 + H + m 7.9E14exp(-31500/RT) J1
(13) C2H2 + M — C2H + H + M 1.0E14exp(-114000/RT) J1
(14) C2H2 + H — c2h + h2 2.0E14exp(-19000/RT) J1
(15) CH2 + H — CH + H2 2.7EllT°'67exp(-25700/RT) J1
(16) 2H + M — H2 + M 1.0E15 J1
(17) C2H2 + C2H2 — C.H. + H 4 3 1.0E13exp(-45889/RT) T2
(18) C2H2 + c2h -->. CaH2 + H 4.0E13 T2
(19) C4H2 + M
-- y C.H + H + M 4 3.5E17exp(-80067/RT) T2
(20) C6H2 + M -- y CgH + H + M 5.0El6exp(-80067/RT) T2
(21) c8h2 + M — ► CgH + H + M 5.0E16exp(-80067/RT) T2
(22) C2H2 + c4h — C6H2 + H 4.0E13 T2
(23) C4H2 + c2h — , C6H2 + H 4.0E13 T2
(24) C2H2 + C6H — —V C8H2 + H 1.0E12 T2
(25) C6H2 + c2h --► C8H2 + H 1.0E12 T2
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Table 4.4 Continued
Reaction Rate Constant Source
(26) cah2 + c4h — C8H2 + H 1.0E12 T2
(27) C6H6 — C6H5 + H 3.2E18exp(-106000/RT) A5,F6
(28) C,H, + H — ►0 D C6H5 + H2 1.6E14exp(-8000/RT) A5,F6
(29) C1?H.n + H 6.3Ellexp(-11000/RT) A5,F6
Benzene, phenyl radical, benzyl radical and biphenyl are the 
ring preserved pyrolysis products which serve as the basic building 
block during condensation polymerization. C2H, 021*2* 02**̂ * C^H,
CgH and are the fragments which possibly contribute to the
cyclization/aromatization/polymerization process. The mass fraction 
of soot can be computed by the following equation:
= w /Mr /Mr w + fr h Mr /Mr n + fr u Mr /Mr wsoot 7 7 C7 C7H7 6 6 6 6 6 12 10 12 12 10
+ fC,H MC + (fC„H “ fC9H,e) MC,/HC9H + (fC9H„6 5 - 6 6 5  2 2. 2  2  2  2
- f ) M /M + (f - f ) M /MiC2H2,ê  C2 C2H2 C2H3 C2H3’e C2 C2H3
+ (f f ) M  /M +  (f - f )M /M
4 2 c4 2 4 4 2 4 3 4 3’ 4 4 3
+ (f - f ) M /M + (f - f ) M /M )
6 6 ’ 6 6 6 2 6 2 ’ 6 6 2
Mp „ /M (4-33)
96 24 ^96
Where f is the mass fraciton, M is the formula mass and subscript 
e represent the situation at equilibrium. Notice that the dehydro­
generation process is also being considered in the above calculation.
The analytical model used in this calculation consisted of a 
time dependent analysis at constant density (B13,M14) to represent the 
gas behind reflected shock wave. Fig. 4.18 shows the results for a
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I : EXPERIMENTAL SOOT DATA
0 . 0 0 0.60 1.20 3.00
Figure 4.18 Comparison of experimental soot mass fraction versus 
time with computer simulations based on the quasiglobal mechanistic 
scheme, C?H8 0.3117., T5 - 1586 K, C5 - 2.0E+17 C atoms/ml.
particular case. Notice that the calculated mass fraction of soot 
matches the experimental data after 2.4 ms. The soot begins to 
appear after the mass fraction of biphenyl greater than 1.0E-8.
anc* ^8^ ^ave influence on the results. The explanation
for the disagreement in short time is those building blocks can not 
convert to soot until the soot formation delay time has been reached. 
After this induction time, the precursors which suspended in the air 
previously start to get together and polymerize to form soot. The 
mass fraction of soot is then increased and matches the simulated soot 
mass fraction after 2.4 ms.
Fig. 4.19 shows the comparison of plateau mass fractions (near 
equilibrium) of various products and calculated soot amount along with 
the appropriate experimental data. The mass fraction of and
C^Hg decrease with the increasing temperature, whereas 
and s^ ow a maximum around 1800 K. This agrees with the
experimental maximum soot yield which confirms that these species are 
important intermediates > The small fragments show an increase with 
the increasing temperature; however, ^ 2 ^ 2 ’ ^4^2 anc* ^4^3 begins to 
decrease at 2000 K. This suggests that a further decrease as temper­
ature continuous to increase. This means they are probably the import 
ant intermediates during fragmentation/polymerization, since the 
experimental soot yield decreased as temperature exceed 2000 K. The 
calculated soot mass fraction agrees with the experimental data quite 
well. The maximum deviation is estimated no more than a factor of two
Quasiglobal Oxidation Model
The amount of soot formed is reduced directly by the surface 
oxidation of soot particles and perhaps indirectly by retarding the
L : EXPERIMENTAL SOOT DATA 
M : SIMULATED SOOT DATA
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Figure 4 . 1 9 Comparison of experimental soot mass fraction versus 
temperature with computer simulations based on the quasiglobal 
mechanistic scheme, C^Hg 0.31l7o, ■ 2.0E+17 C atoms/ml.
O'
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condensation/polymerization processes. Measurements of the oxidation 
rate of soot particles have been made by several investigators (F7,L5, 
K6,N2,T5,W7); however, only one set of investigations (N2,W7) has 
reported a signficant number of measurements above 1800 K and these 
were on pyrolytic graphite. Their measurements show a reduction in 
the rate of carbon surface oxidation above approximately 1800-2000 K 
temperature range. This is interesting since soot yield data also 
begin to decrease at this temperature range.
Previous investigators (N2,W7) assumed that there are two types 
of sites on the carbon surface, namely, A, a more reactive, and B, less
reactive type. Let q be the fraction of surface covered by A, and 1 - q
the fraction covered by B. The following process were assumed to be 
possible.
A + 02 — ► A + 2C0
Rate = KaPq  ̂q/(l + ) (4-34)
B + 02 -- ► A + 2CO
Rate = KBPn (1 - q) (4-35)a  u2
A — ► B
Rate = I^q (4-36)
The first process is the reaction of oxygen with A sites to 
give a further A site and two CO. The rate expression can be 
derived by assuming that a fraction of all A sites are covered by a 
slow first order reaction of oxygen with the free surface, which 
decomposes the carbon at the same rate to give CO where K^, K^, Kg, 
and are appropriate constants.
Oxygen molecules reacts with B sites to give an A site and two 
CO as products in the second process. A sites undergo a process of
thermal rearrangement to give B sites in the last process. For a
constant value of q, the rates of process (4-35) and (4-36) should be 
equal or
KbPq (1 - q) = I^q (4-37)
Therefore
q = 1/(1 + (Kt /Kb )Pq ) (4-38)
The overall surface oxidation rate will be equal to
w(g/cm2*sec) = 12{[ K.P. / (1 + K^P. )] q + KRP_ (1 - q)} (4-39)
A U2 2 “ U2
The rate constants were obtained by fitting the experimental
results given in (N2,W7).
-2 -1 -1(gm-atom.cm , sec , atm )
= 20exp(-30/RT) (4-40)
K „  (gm-atom.cm 2, sec atm )̂D
= 4.46E-3exp(-15.2/RT) (4-41)
-2 -1Kj, (gm-atom.cm , sec )
= 1.5lE-5exp(-97/RT) (4-45)
Kz (atm”1) = 2.13exp(4.1/RT) (4-46)
Soot oxidation rates over the range of temperature 1700-4000 K 
and oxygen partial between 0.05 and 13 atm were measured in shock tube 
by Park and Appleton (P8), and the above rate equation appeared to 
correlate their results at least to within a factor of two. Therefore, 
the above equation were accepted as the soot particle surface oxidation 
rate equation.
According to the above mechanism, the surface will be entirely A 
at low temperatures. As the temperature increases to around 1800-2000 K,
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thermal rearrangement produces an increasing proportion of B in the 
surface. Since B sites are less reactive than A, the reaction rate 
ceases to rise and then begins to fall. This temperature region 
coincide with the temperature region where soot yield begins to 
decrease i.e., as temperatures greater than 1800 K, not only the fracture 
of the ring decrease soot yield, but also the rate of surface oxidation 
of carbon particle decreases. At even higher temperatures, e.g., higher 
than 2800 K> the surface is wholly covered with B, the surface reaction 
rate rises with temperature again at a rate determined by the activation 
energy of rate equation (4-35).
For the near equilibrium portion of the observed laser attenuation 
signal for toluene/oxygen/argon mixtures, surface oxidation apparently 
contributes to the suppression of soot formation and/or growth. A 
guasi-global rate model similar to that proposed by Edelman (El) 
is thus reasonable. The model was structured to separately account 
for soot formation from the fuel as well as the surface oxidation 
of the carbon particles. The soot concentration data were taken at 
a residence time of 2.5 ms to 4 ms. An average diameter of soot
O
particles were assumed to be 250 A. The models were used twice for 
temperatures less than 1800 K and for the temperature range from 
1800-2500 K respectively. For T < 1800 K:
S(g/ml) = (6.5E15)exp(-61.8/RT)[C7H8]1-71[02]"°-3[Ar]0'2
p d/6oo (4-44)6
The result of this correlation equation agrees with the previous 
studies, for example, the power dependency on argon exhibits the net 
soot emission increases with the pressure. Where w is the semi- 
empirical surface oxidation rate equation (N2,W7).
For 1400 K < T < 2500 K
S(g/ml)=(1.54E15)exp(-(60.1/RT + o ( - 90.8/R)(l/T - l/T ))m
rn „ ,2.06rn ,-0.36rA ,-0.35 , , ,7 8 *- 2-*  ̂  ̂ pgd/6u) (4-45)
The negative power dependency on argon accounts for the fact
that the net soot concentration decreases as the pressure increases.
A plot of log n versus l/T is shown in Fig. 4.20 where
n « 6Sw/psd[C7H8]2-06[02]~0*36[Ar]"0*35 (4-46)
An attempt was made to correlate the data developed in this 
study with Edelman’s model (E3) and Greeves' model (K7). Greeves' 
model using diesel engine data were correlated as follows:
(gm/ml*sec) = (4.68E5) P (f) 3exp(-40/RT) (4-47)dt u u
Where P^ and cj)̂ are the local partial pressure of the unburnt
fuel and the local equivalence ratio for the unburnt fuel and unused
oxygen.
Edelman's model used data taken from a stirred reactor was of
the quasiglobal type:
(5.0E13)exp(-32/RT)T"2 [HC]1,75[02r °'3
\  (1.085E+4)T_°'5Pn exp(—39.3/RT) (4-48)pv psd U2
The second term in the denominator is the surface oxidation rate
equation obtained from Lee, Throng and Beer (L6). Where p is the
mixture density, [HC] is the total hydrocarbon concentration in the 
exhaust gas (B15), m is the input flow rate, V is the reactor volume 
and d is the soot particle diameter. The comparison was based upon 
the conditions utilized in the present shock tube experiments, 
therefore, extrapolation of data was required. Fig. 4.21 shows the 
comparison of soot concentration data against temperature at <J> *= 6.
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examination of Edelman's method that suggests a narrow experimental 
temperature range of 1650-1850 K was used for toluene/air mixtures and 
that uncertainty in the tmeperature measurements might have led to 
their conclusion that net soot production was more strongly dependent 
upon the hydrocarbon concentration than on temperature. Notice again, 
the surface oxidation equation used in his model is only appropriate 
for temperature of 1300-1680 K; the reduction of surface oxidation 
rate near 1800 K was neglected.
For a fixed temperature of 1700 K, the soot concentration and 
atomic equivalence ratio were compared for these three models as 
shown in Fig. 4.22. The functional dependence of soot concentration 
on equivalence ratios was similar. The disparity may be explained by 
soot sampling technique. The probe sampling technique reported by 
Edelman was not in situ, which may cause a loss of soot sample; 
whereas, the laser absorption technique may overestimate the soot 
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Figure 4.22 Comparison of Greeves' and Edelman's model wich soot 




Based on the results of this research, the following conclusions 
were drawn.
1. The aromaticity of the hydrocarbons determined their sooting 
ability. An intact aromatic ring appeared to be essential to high soot 
yields.
2. Ring rupture can be promoted at high temperatures. Usually 
the maximum soot conversion or the maximum apparent rate appears 
around 1700-1800 K.
3. Oxygen was an excellent suppressing agent to prevent soot 
formation. Increasing total pressure increased the sooting tendency at 
temperature below 1800 K.
4. At (j) > <J> , an increase of temperature shifted the upper limit 
4) ratio to higher values.
5. Equilibrium calculations indicate that the polycyclic aromatic 
hydrocarbon £9^24 appeared to be an extremely important precursor to 
soot in aromatic system.
6. Correlation equation for soot formation delay time and ap­
parent soot formation rate were obtained. A quasiglobal oxidation 
model was proposed which accounts for the soot formation rate and the 
oxidation of the carbon surface separately. A quasiglobal pyrolysis 
model was also proposed to predict the soot production.
Recommendations
The following recommendations were derived from this research.
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1. A more detailed thermodynamic study of soot formation is 
warrented. Although 24 ^as been identified as a possibly important 
soot precursor, effort should be continued to improve existing pre­
dictive schemes in order to achieve more accurate thermochemical 
properties, compilation and updating the thermochemistry library data 
should be continued.
2. Since the soot formation process may be via both the ion and 
radical mechanism, ion mass spectroscopy studies should be continued. 
Ion or electron gauge measurements should be made and correlated with 
soot formation data.
3. The soot concentration measurements were limited by the ac­
curacy of the complex refractive index; therefore, the refractive 
index should be properly evaluated, as a function of incident wave­
length, constitution of the soot, and temperatures.
A. Although can be identified as infant soot, and since
detailed mechanistic steps from starting fuel to give £9^24 are 
not feasible. Future work may be concentrated on the major modifi­
cation of the kinetics calculation such that it can accept a global 
nonelementary chemical reaction such as:
C?Hg -->-(1/13.7) C96H24 + 3.12 H2
and another for oxidation
C96H24 + 102 °2 — *96 C02 + 12 H2° 
along with the elementary steps from the literature. A complete
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WALL EFFECTS IN CONVENTIONAL SHOCK TUBE FLOW
Temperature, pressure and density are the most important para­
meters in any chemical kinetics shock tube study. Temperatures in 
shock tube experiments are rarely measured directly; hence they must 
be computed by solving the conservation equations of mass, momentum 
and energy along with the equations of state across a shock wave.
The ratios of temperature, pressure and density across a shock front 
can be solved explicitly in terms of the incident Mach number. 
Therefore, it is well recognized that an accurate measurement of the 
incident shock speed in the shock tube is required for accurate 
determination of the state of the post-shock test gas.
In ideal shock tube theory, the assumption of inviscid, steady, 
one-dimensional flow of an ideal,, non-conducting gas with no body 
forces or boundary layer effects upon the rupture of the diaphragm are 
made. The shock wave and contact surface start impulsively from test 
and travel with constant speeds, U and Uc, respectively. However, in 
real shock tube flows, the measured shock speeds are observed to 
attenuate due to the effect of friction and boundary layer growth along 
the tube wall (B14,E2,M12). The incident shock speed at the end wall 
of the shock tube, where reflection occurs, is less than the average 
speed at the measurement stations, and the actual temperature and 
pressure behind the reflected shock wave are less than those computed 
assuming no attenuation. Previous investigations on the wall effects 
in shock tube were either not convenient to use in converting time of 
arrival measurements to wave speeds or were based upon a poor assump­
tion, namely, that the distance corresponding to the measured average
speed occurs at the linear average of the distance between two 
stations (A6,M15).
A practical attenuation analysis was developed to determine the 
incident shock speed at the end wall of the tube, computations were 
based on an empirical shock wave attenuation correlation originally 
proposed in the form of a pressure ratio exponential decay by Emirch and 
Wheeler (E2):
p21 ~ 1 = (P2i “ D o  exp (~Cx/D) (A. 1)
where shock strength P£^ is the ratio of pressure behind the shock 
(P^) to pressure ahead of the shock (P^). D is the hydraulic diameter 
of the shock tube, x is the distance measured from the diaphragm and 
C is an experimentally determined constant.
Since the incident shock speed is proportional to the shock 
strength this correlation was later modified to a more practical form:
= Uq exp (-Ax) (A.2)
where Ux is the wave speed at a distance x downstream from the dia­
phragm, Uq is the initial wavespeed at shock formation on the assump­
tion that the formation processes were completed at the position of the 
diaphragm, and A is defined as the attenuation factor due to the wall 
effects.
Suppose there are m time-of-arrival measurement stations in the 
shock tube the average wavespeed calculated from the data at adjacent 
measuring stations is
U “ (X ... - X )/(t - t ) (A.3)n,n+l n+1 n n+1 n
where t is the time read from the timer at station n. By definition 
"
Substituting equation (A.2) to equation (A.4), we have
X
Un,n+l X . - X * n+1 n





X . _ - X n+1 n
exp(-AXn+1) - exp(-AXn)
(A.5)
Taking the summation of the average wavespeed and divide it by 
any one average speed, e.g., ^  following basic equation for
the computation of the attenuation factor is obtained, where the left 




Y .  -
L e t R =  t l  Un,n+1/Ul,2 
Rearranging equation (A.6), we have
m-1y exp(-AXn+1) - exp(-AXn)
















f (A) = A (A. 9)
g(A) = Right hand side of equation (A.8) (A.10)
The attenuation factor can then be obtained from solving equation 
(A.9) and (A.10) by an interative search procedure. The flow diagram 
of such a search procedure is given in Fig. A.I.
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Figure A.l An iterative search flow diagram for the calculation 
of shock speed at end wall.
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After A is obtained, Uo can be calculated from equation (A.5).
The wavespeed of the incident shock at the end wall can then be 
calculated by substituting into equation (A.2), i.e.,
U£ = Uq exp(-AXE) (A.11)
Where U„ is the distance measured from the diaphragm to the end 
wall of the shock tube. The distance corresponding to the measured 
average speed between stations can also be calculated from equation 
(A.2), i.e. It should be emphasized that unlike the other investiga­
tions (A6,M15), the assumption is that the distance corresponding to 
the measured average speed occurs at the linear average of the distance 
between two stations is not used. Equation (A.6) is used to avoid 
this poor assumption and yield a more realistic attenuation model.
Fig. A.2 shows the experimental attenuation and calculated 
exponential decay variation of shock speed with distance downstream 
of diaphragm from a typical shot. Notice that the line plotted in 
Fig. A.2 is not linear. The middle line in each rectangular region 
corresponds to the average speed measured in each interval. The 
height of the rectangular regions represents the uncertainty in 
measured wavespeed due to the + 1 ysec uncertainty from the digital 
storage timer. The first four data points represent the calculated 
downstream distance corresponding to the measured average shock speed.
The fifth data point is the calculated shock speed at the end wall, 
which was determined by the average wavespeeds measured for the very 
shock. The uncertainty range in last interval is bigger than the 
others since the distance of that interval is smaller than the others.
The calculated incident shock speed at the end wall was shown 
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A multivariable, linear regression analysis subroutine (K8) is
used with the attentuation program to determine the primary relations
for U , A and U„ as a function of shock strength (P4/P1) for o b
different composition mixtures, where P4 is the initial pressure in 
the driver section. Notice that the shock strength defined herein 
is different from the (P2/P1) ratio used by Emirch and Wheeler (E2).
Since (P4/P1) can be selected by running a preshock program along with 
performing a set of preshoot experiments, any desired shock conditions 
can be achieved. P4 is the controllable factor in double diaphragm 
mode operation; hence (P4/P1) is viewed as the appropriate representa­
tion of the shock strength during the experiment. Fig. A.3 shows 
both Uq and as a fifth order polynomial function of shock strength 
for toluene/argon mixture shocks. We can see that the curve bent 
downward at two extremes of the shock strength region tested e.g., at 
higher values of P4/P1 the diaphragm becomes thicker therefore requir­
ing some measurable energy to break the diaphragm. However, this 
correlation can be highly useful in selecting experimental test 
conditions, since the shock strength (P4/P1) can be adjusted so that 
a desired shock speed can be achieved. Fig. A.4 shows Uq and as a 
function of P2/P1, it is a linear relationship as expected. The
regression fit for U was not as good as for Up in both figures. Thiso ^
is not surprising, since it was extrapolated further from the measure­
ment stations.
Fig. A.5 shows there is no significant relationship between the 
attenuation factor and the shock strength statistically speaking, the 
expected value of the attenuation factor will be the average of those 
data points. The primary factors which contribute to the scattering
<\J.
Initial shock speed 


















P 4 / P 1
Figure a.3 Calculated initial shock speed and shock speed at end wall as a
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Figure A-4 Calculated initial shock speed and shock speed at end wall as a
function of shock strength for a group of typical toluene/argon mixture shocks
oo
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Figure A.5 Calculated attenuation factor as a function of shock strength for
a group of typical toluene/argon mixture shocks. 113
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of the data may be due to (1) the inconsistency of the break strength 
of the diaphragm being used, (2) the effect of the filling speed 
during the pressurization of the driver section, (3) the inconsistency 
of the opening time of the primary diaphragm which arises from the 
speed of venting the spacer. In our experiments, we do find the 
averaged attenuation factor in three inch diameter shock tube is less 
than that in one inch shock tube. Therefore, the attenuation factor 
should be a strong function of the characteristics of the shock tube, 
e.g., the shape of the cross section, hydraulic diameter, double or 
single diaphragm mode; and a weak function of the shock strength 
and the composition of the test gas.
A linear relationship between the shock speed at end wall and the 
average speed for three different intervals is given in Fig. A.6. The 
information reveals the extent of attenuation of the wavespeed per 
increment of the distance traveled is approximately the same. General­
ly speaking, for shock strength ranging from 25 to 80, the extent of 
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Figure A.6 Calculated shock speed at end wall as a function of average shock 





HF2 S8 = 3303.5 CAL/MOLE
TEMF CP K-H298
298. 15 3.30 0.0
300.00 3.32 6. 12
400.00 4.51 399.20
500.CO 5.54 903.37
6 CC.00 6. 40 1501.66
7CC.00 7. 09 2 177.29
800.00 7.65 2915.14
9CC.CO 8. 10 3703.15
1000.00 8.51 4533.76
1100.00 8. 80 5399. 19
1200.00 9.06 6292.31
1300.00 9. 31 7210.84
1400.00 9.53 8152.65
1500.00 9.73 9115.72
1600.00 9. 92 10098.18
1700.00 10.08 11098.24
1300.00 10. 23 12114.25
1 SCO.00 10.37 13144.64
2 CC0.00 10. 49 14187.98
2100.00 10.60 15242.92
2200.00 10. 70 16308.23
2300.00 1 0.79 17382.74
2400.00 1C. 86 18465.43
25CC.CO 10.93 19555.33






3200.00 11. 22 27322.93
33C0.C0 1 1.24 28445.56
3400.00 1 1. 26 29570.24
35CC.00 11.27 30696.75
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1 . 3 3  3 5 2 1 7 . 8 9  3 1 . 8 8
1 . 3 4  3 6 3 5 1 . 5 8  3 2 - 1 7
1 . 3 6  3 7 4 8 6 . 6 7  3 2 . 4 5
1 . 3 7  3 8 6 2 3 . 1 8  3 2 . 7 2
1 . 3 9  3 9 7 6 1 . 2 1  3 2 . 9 9
1 . 4 1  4 0 9 0 0 . 9 0  3 3 . 2 5
1 . 4 2  4 2 0 4 2 - 3 9  3 3 . 5 1
1 . 4 4  4 3 1 8 5 . 8 1  3 3 . 7 6
1 . 4 7  4 4 3 3 1 . 4 0  3 4 . 0 1
1 . 4 9  4 5 4 7 9 - 3 1  3 4 . 2 5
1 . 5 2  4 6 6 2 9 . 7 9  3 4 . 4 9
1 . 5 5  4 7 7 8 3 . 0 2  3 4 . 7 2
1 . 5 3  • 4 8 9 3 9 . 2 3  3 4 . 9 5
1 . 6 1  5 CC9 8 . 6 4  3 5 . 1 7
1 . 6 5  5 1 2 6 1 . 4 6  3 5 . 3 9
1 . 6 9  524  2 7 . 9 3  3 5 . 6 1
1 . 7 2  5 3 5 9 8 . 2 1  3 5 . 8 3
1 . 7 6  5 4 7 7 2 . 5 2  3 6 . 0 4
1 . 9 1  5 5 9 5 1 . 0 5  3 6 . 2 5
1 . 8 5  5 7 1 3 3 . 8 9  3 6 . 4 5
1 . 9 0  5 8 3 2 1 . 1 9  3 6 . 6 6





29 6 -  15 
3CC.CO 
4 0 0 . 0 0  
5 0 0 . CO 
6 CC. 00 
7CC. 00eco .oo
9 CC. 00 
1 0 0 0 . 0 0  
1100.00 
1200.CO
1 3 0 0 . 0 0
1 4 0 0 . 0 0  
1 5 0 0 . CO 
16 CO.00 
1 7 C C . 00 
1 8 0 0 . CO 
1 9CC. 00  
2C00. 00 
2 1 0 0 . OC
2200.00 
2 3 C 0 . C 0
2 4 0 0 . 0 0  
25C0. CC  
250  C . 00  
2 7 CC. 0 0  
2 8 C 0 . 00 
29C0. CC
3 0 0 0 . 0 0  
31CC. C0  
3 2 0 0 .  00
3 3 0 0 . 0 0
3 4 0 0 . 0 0
3 5 0 0 . 0 0
3 6 0 0 . 0 0
3 7 0 0 . 0 0  
380C.OO
4 7 8 C . 8  CAL/HOLE
CP H-H298 S
2 . 9 3 0 .
2 . 9 5 5.
3.  62 3 3 4 .
4 . 1 4 7 2 3 .
4 . 5 2 1 157 .
4.  77 1 6 2 3 .
4 . 9 5 2 1 0 9 .
5.  10 261 1.
8.  29 3 1 3 0 .
5 . 2 9 3 6 5 8 .
5 . 3 5 4 190.
5 . 4 6 4 7 3 0 .
5 . 6 2 5 2 8 3 .
5 . 8 1 5 8 5 4 .
6 . 0 5 6 4 4 7 .
6 . 3 1 7 0 6 5 .
6 . 6 1 7 7 1 1 .
6 . 9 4 8 3 8 8 .
1 . 2 9 9 1 0 0 .
7 . 6 7 9 8 4 8 .
8 . 0 6 1 0 6 3 4 .
8 . 4 7 1 1 4 6 0 .
8 . 8 9 1 2 3 2 7 .
9.  32 1 3 2 3 7 .
9 . 7 5 1 4 1 9 1 .
1 0 . 2 0 1 5 1 8 8 .
1 0 . 6 4 1 6 2 3 0 .
1 1 . 0 9 1 7 3 1 7 .
1 1 . 5 3 1 6 4 4 8 .
1 1 . 9 8 1 9 6 2 3 .
1 2 . 4 1 2 0 8 4 3 .
1 2 . 8 4 2 2 1 0 5 .
13 .  26 2 3 4 1 1 .
13 .  67 2 4 7 5 7 .
14 .  07 2 6 1 4 4 .
1 4 . 4 5 2 7 5 7 0 .
1 4 . 6 2 2 9 0 3 4 .
0 - 3 . 2 3
44 - 3 . 2 1
91 - 2 . 2 5
92 - 1 . 4 0
71 - 0 . 6 1
00 0 . 1 1
52 0 . 7 6
57 1 . 3 5
01 1 . 8 9
39 2 . 4 0
14 2 . 6 6
37 3 . 2 9
80 3 . 7 0
82 4 . 1 0
37 4 . 4 3
10 4 . 8 5
26 5 . 2 2
81 5 . 5 9
34 5 . 9 5
16 6 . 3 2
27 6 . 6 8
33 7 . 0 5
80 7 . 4 2
79 7 . 7 9
21 8 . 1 7
70  8 . 5 4
63 8 . 9 2
20 9 . 3 0
35 9 . 6 9
85 1 0 . 0 7
23 1 0 . 4 6
89 1 0 . 8 5
Cl 1 1 . 2 4
65 1 1 . 6 3
71 1 2 . 0 2
92 1 2 . 4 1
91 1 2 . 8 0
119
3 9 0 0 . 0 0 1 5 . 1 8 3 0 5 3 5 . 2 1 1 3 .
4 0 0 0 . 0 0 1 5 . 5 2 3 2 0 7 0 . 2 2 1 3 .
4 1 0 0 - 0 0 1 5 . 8 4 3 3 6 3 8 . 2 3 13 .
4 2 0 0 . 0 0 16.  14 3 5 2 3 7 . 4 7 1 4 .
4 3 0 0 . 0 0 1 6 . 4 3 3 6 8 6 6 . 1 2 14.
4 4 0 0 . 0 0 1 6 . 6 9 3 8 5 2 2 . 2 3 1 5 .
4 5 0 0 . 0 0 1 6 . 9 4 4 0 2 0 3 . 8 7 15.
4 6 C C . 00 1 7 . 1 6 4 1 9 0 9 . 0 5 1 5 .
47CC.CO 1 7 . 3 7 4 3 6 3 5 . 7 1 16.
4 8 0 C . 00 1 7 . 5 5 4 5 3 8 1 . 8 5 16 .
4 9 C 0 . 0 0 1 7 . 7 2 4 7 1 4 5 . 4 0 16.
5 0 0 0 . 0 0 1 7 . 8 6 4 8 9 2 4 . 2 8 1 7 .
51CC.CO 1 7 . 9 8 5 0 7 1 6 . 5 0 17 .
5 2 0 0 . 0 0 1 8 . 0 9 5 2 5 2 0 . C8 1 8 .
5 3 0 0 . CO 1 8 .  17 5 4 3 3 3 . 0 0 18.
5 4CC- 0 0 1 8 .  23 5 6 1 5 3 . 3 6 1 8 .
550  C. CO 1 8 . 2 8 5 7 9 7 9 . 3 4 19.
5 6 0 0 - 0 0 1 8 . 3 1 5 9 8 0 9 . 0 9 1 9 .
57 CC.CO 18.  32 6 1 6 4 0 . 9 3 19 .
58CC.CO 1 8 . 3 2 6 3 4 7 3 . 3 0 2 0 .
5 9 C C . 00 1 8 . 3 0 6 5 3 0 4 . 6 1 20 .
























HF258 = 3447.2 C2I/MCLZ
TEMP CP H-K2S8
2 5 6 . 1 5 2 . 9 3 0 . 0
3 0 0 . 0 0 2 . 9 5 5 . 4 4
4 0 0 . 0 0 3 . 6 2 3 3 4 . 9 1
5 0 0 . CO 4.  14 7 2 3 . 9 2
6 C C . 00 4 .  52 1 1 5 7 . 7 1
7 C 0 . 00 4 . 7 7 1 6 2 3 - 0 0
8CC.CO 4 .  95 2 1 0 9 . 5 2
9 0 0 . 0 0 5.  10 2 6 1 1 . 6 7
1C00-CO 5 . 2 9 3 1 3 0 . 0 1
1 1 0 C . 00 5.  29 3 6 5 8 . 4 0
1 2 C 0 . 0 0 5 . 3 5 4 1 9 0 . 1 4
1 3 C 0 . 00 5.  46 4 7 3 0 . 3 7
1 4 C C - 00 5 . 6 2 5 2 8 3 . 8 0
1 5 0 0 . 0 0 5 . 8 1 5 8 5 4 . 8 1
16CC.OO 6 . 0 5 6 4 4 7 . 3 6
1 7 0 0 . 0 0 6 . 3 1 7 C 6 5 . 0 9
■’ 8 0 0 .  00 6 . 6 1 7 7 1 1 . 2 5
1 9 0 0 . 0 0 6.  94 8 3 8 8 . 8 0
2C0C- 00 7 . 2 9 9 1 0 0 . 3 3
2 1 0 0 . 0 0 7 . 6 7 9 8 4 8 . 1 6
2 2 C 0 . 00 8 . 0 6 1 0 6 3 4 . 2 6
2 3 0 0 . 0 0 e . 4 7 1 1 4 6 0 . 3 2
2 4 0 0 . 0 0 8.  89 1 2 3 2 7 . 7 9
2 5 0 0 . 0 0 9 .  32 1 3 2 3 7 . 7 9
2 6 C 0 . 00 9 . 7 5 1 4 1 9 1 . 2 0
2 7 C C - 00 10.  20 1 5 1 8 8 . 6 9
2 8 0 0 . 0 0 1 0 . 6 4 1 6 2 3 0 . 6 2
2SCC.CO 1 1 . 0 9 1 7 3 1 7 .  19
3 0 0 0 . 0 0 11 .  53 1 8 4 4 6 . 3 4
31 CO. 00 1 1 . 9 8 1 9 6 2 3 . 8 4
3 2 0 0 . 0 0 1 2 . 4 1 2 0 8 4 3 . 2 3
33 C C.CO 1 2 . 8 4 2 2 1 0 5 . 8 9
3 4 0 C . 00 13 .  26 2 3 4 1 1 . 0 0
3 5 0 0 . 0 0 1 3 .  67 2 4 7 5 7 . 6 4
3 6 C C . 00 1 4 . 0 7 2 6 1 4 4 . 7C
37CC.OO 1 4 . 4 5 2 7 5 ^ 0 . 9 1
3 8 0 0 . CO 1 4.  82 2 9 0 3 4 . 9 1
- 3 . 2 3  
- 3 . 2 1  
- 2 . 2 6  
- 1 . 4 0  
- 0 . 6 1  
0 . 11
0 . 7 6  
1 . 3 5
1. 69 
2 . 4 0
2. 86 
3 - 2 9  
3 . 7 0  
4 .  10 
4 .  48 
4 . 8 5  
5 . 2 2  
5 . 5 9  
5 . 9 5  
6 . 3 2  
6. 66 
7 . 0 5
7 .  42 
7 . 7 9
8.  17
8. 54 
8 . 9 2
9 .  30 
9 . 6 9
1 0 . 0 7  
1 0 . 4 6  
10 .  85 
1 1 . 2 4  
1 1 . 6 3  
1 2 . 0 2  
12.  41 
12. RO
121
3900.00 15.18 30535.20 13
4000.00 15.52 32070.21 13
4100.00 15.84 33638.22 13
4200.00 16. 14 35237.46 14
4 3CC.00 16.43 36866.12 14
4400.00 16.69 38522.22 15
4500.00 16.94 40203.87 15
4600.00 17. 16 41909-05 15
47C0.00 17.37 43635.71 16
4900.00 17.55 45381.84 16
49CC.00 17.72 47145.39 16
5000. 00 17. 86 48924.27 17
510C.00 17.98 50716.50 17
5200.00 18.09 52520.07 18
5300.00 18.17 54332.99 18
5400.00 18.23 56153-35 18
5500.CO 18.28 57979.33 19
56C0.00 18.31 59609.08 19
57 C C.00 18.32 61640.93 19
5800.00 18.32 63473.27 20
59CC.CC 18.30 65304.59 20
























HF2S8 = 1450.0 CA1/HCIE
TIM? c ? H-H298 S
2 9 6 .  15 2 . 0 4 0 . 0 1 . 8 2
3C 0 - 0  0 2 . 0 6 3 . 7 9 1 . 8 3
4 C 0 - 0 0 2 . 8 4 2 4 9 . 8 7 2 .  54
5 C C . 00 3.  50 5 6 8 . 4 1 3 . 2 4
SCO. 00 4 . 0 3 9 4 6 . 4 6 3 . 9 3
7 0 0 . 0 0 4 .  44 1 3 7 1 . 2 6 4 . 5 9
8C0. C0 u.  7a 1 8 3 1 . 3 4 5 .  20
9 C 0 . 0 0 £4.97 2 3 1 7 . 3 7 5 . 7 7
1CCC.0C 5 . 1 5 2 3 2 3 . 3 1 6 .  30
1 1 0 0 . 0 0 5.  20 3 3 4 4 . 7 4 6 . 8 0
12 CO. 00 5 . 3 9 3 8 7 8 . 1 8 7 . 2 7
1 2 0 C . 00 5 . 4 9 4 4 2 2 . 1 9 7 . 7 0
1 4 CC. 00 5 . 5 7 4 9 7 5 . 4 4 8 .  11
1 5 0 0 . 0 0 5 . 6 5 5 5 3 6 . 7 4 8 . 5 0
1 6 CG. 0 0 5 . 7 1 6 1 0 4 . 9 9 8 .  86
17CC.CO 5 . 7 7 6 6 7 9 . 2 3 9 . 2 1
180C-CO 5 . 8 2 7 2 5 8 . 5 9 9 .  54
1 9 0 0 - 0 0 5 .  86 7 8 4 2 . 3 2 9 . 8 6
2C0C-CO 5 . 8 9 8 4 2 9 . 7 6 10 .  16
2 1 0 0 . 0 0 5 . 9 2 9 0 2 0 . 3 2 1 0 . 4 5
2 2 0 0 . CO 5 . 9 4 9 6 1 3 . 5 1 1 0 . 7 2
2 3 0 0 . 0 0 5 . 9 6 1 0 2 0 8 . 9 3 1 0 . 9 9
2 4 C 0 . 0 0 5 . 9 8 1 0 8 0 6 . 2 3 1 1 . 2 4
250C. CO 6 . 0 0 1 1 4 0 5 . 1 7 1 1 . 4 9
2 6 C C . 00 6 . 0 1 1 2 0 0 5 . 5 0 1 1 . 7 2
27 C 0 . CO € . 0 2 1 2 6 0 7 . 1 0 1 1 . 9 5
28CC.CO 6 . 0 3 1 3 2 0 9 . 8 6 1 2 .  17
2 9 0 C . C 0 6 . 0 4 1 3 3 1 3 . 7 4 1 2 . 3 8
3 0 0 0 . 0 0 6 . 0 6 1 4 4 1 8 . 7 0 1 2 .  59
3 1 0 0 . 0 0 6 . 0 7 1 5 0 2 4 . 8 0 1 2 . 7 9
3 2 C 0 . 0 0 6 .  08 1 5 6 3 2 . 0 7 1 2 . 9 8
3 3 0 0 . 0 0 6 . 0 9 1 6 2 4 0 . 5 8 1 3 .  17
34CG. C0 6 . 1 1 1 6 8 5 0 . 4 4 13.  35
3 5 0 0 . 0 0 6 .  12 1 7 4 6 1 . 7 3 1 3 . 5 2
3 6 C C . 0 0 6.  14 1 8 0 7 4 . 5 9 1 3 . 7 0
37CC.CO 6 .  15 1 8 6 8 9 . 1 2 1 3 . 8 7
38CC-CO 6 . 1 7 1 9 3 0 5 . 4 4 1 4 . 0 3
123
3 9 C C . 00 6 .  19
4CC0. C0 6 . 2 1
4 1 0 0 . 0 0 6 . 2 3
42CC.CO 6 . 2 5
4 3 0 0 . 0 0 6 . 2 7
4 4 C 0 . 00 6 . 2 9
4 5 0 0 . CO 6 . 3 1
4 6 CC. 0 0 6 . 3 3
47CC.CO 6 .  35
4 8 C0.  00 6 . 3 6
49C0. CO 6 . 3 7
5 C 0 C . 00 6 . 3 7
5 1 0 0 . 0 0 6 . 3 7
52 CC. 0 0 6 . 3 7
5 3 0 C . 00 6 . 3 6
54CC.CC 6 . 3 4
5 5 0 0 . CO 6 . 3 1
5 6 C C . 00 6.2-7
5 7 0 0 . 0 0 6.  22
5 9 C C, 0 0 6 .  16
59C0.CO 6 . 0 8
6 C C 0 . 00 5 . 9 9
1 S 9 2 3 - 62 1 4 . 1 9
2 0 5 4 3 . 8 0  1 4 . 3 5
2 1 1 6 5 . 9 8  1 4 . 5 0
2 1 7 9 0 . 2 3  1 4 . 6 5
2 2 4 1 6 . 5 5  1 4 . 8 0
2 3 0 4 4 . 9 1  1 4 . 9 4
2 3 6 7 5 . 2 3  1 5 - 0 9
2 4 3 0 7 . 3 6  1 5 . 2 2
2 4 9 4 1 . 1 6  1 5 . 3 6
2 5 5 7 6 . 3 9  1 5 . 4 9
26212 . *72  1 5 . 6 3
2 6 8 4 9 . 7 6  1 5 . 7 5
2 7 4 8 7 . 1 0  1 5 - 8 9
2 8 1 2 4 . 1 8  1 6 . 0 0









AVAILABLE COMPUTATIONAL CAPABILITIES 
Thermochemical Properties and Complex Thermochemical Equilibrium
1. GPAD Program
This program was written by the author. The program predicts 
heat of formation, heat capacity, enthaly and entropy for poly- 
cyclic aromatic hydrocarbons by group additivity scheme. The 
program punchs cards in a standard tabulated form for use in 
Pac 2 program. It was designed as a foreground, interactive job 
therefore needs minimum amount of time and has the highest 
priority.
2. Pac 2 Program
This program was developed at NASA Lewis by Sanford Gordon and 
Bonnie McBride (M8). The main tasks of this program are:
a. the statistical mechanical calculation of thermodynamic 
properties.
b. the calculation of polynomials which approximate 
specific heat, C^, enthalpy, H and entropy, S as a 
function of temperature from 100 K to 6000 K. Option 
1 utilizes spectroscopic data such as bond vibration 
molecular constants. The program supplies tables of 
thermodynamic properties similar to the JANAF Thermo­
chemical Tables (S8). In option 2, the program reads
in Cp, S, and H-l^g or H-Hq data, such as those tabulated 
in the JANAF Tables or API-44 Project reports (A4), 
and then calculates coefficients for the approximating 
polynomials. These polynomials are required for
(1) The Chemcial Equilibrium Program, CEC. 72, described 
in NASA SP-273.
(2) The General Chemical Kinetics Program. GCKP 71, 
described in NASA TN D-6586.
(3) The Thermodynamic and Transport Program, OTRAN 72, 
described in NASA TN D-7056.
(4) Drexel Shock Tube Program.
(5) Preshock and Ref Shock Program.
The Pac 2 program does not account for internal rotations which
may occur within relatively complex molecules. In order to add
this contribution to the thermochemical function of species which
are known to have internal rotations. A program INTRO (M9) was
written to calcualte the internal rotation contribution to C ,P
H-Hq and S given the discrete energy levels produced by rotation. 
The energy levels were provided by a program obtained from J.
Laane (L6).
3. Thermodynamic and Transport Program OTRAN 72
This program was written by R. Swehla and B. McBride (S16).
The coefficients of thermodynamic properties polynomials were 
supplied by Pac 2 Program. The program capabilities are the 
calculation of
a. Chemical equilibria for the assigned thermodynamic states 
(T,P), (H,P), (S,P), (T,V), (U,V).
b. Theoretical rocket performance for both frozen and 
equilibrium compositions.
c. Incident and reflected shock properties for both 
equilibrium and frozen condition.
d. Chapman-Jouquet Detonation Properties.
Temperature and Pressure behind Shock Waves
1. Attenuation program
This program was developed by the author to calculate the 
incident shock speed at end wall of the shock tube by considering 
the experimental attenuation phenomena. The program does comparison 
for the wavespeed measured at different stations and discard the 
one which has early fire or late fire on the transducer and 
recalculate the shock speeds. The attenuation also does poly­
nomial fits about the relation between the shock speed at end 
wall with shock strength (P4/P1), and the average speed measured 
at each station. Thus a good estimation of temperature may be 
obtained if the timer malfunctions.
2. Preshock program
This program was developed at Hebrew University by Dr. A.
Burcat (W8). The program is used to obtain preexperimental data 
to be used during the experimental procedure in order to get on 
the spot answers about the temperature or Mach number reached 
during the experiment. This serves the researcher an immediate 
indication about his experiment and thus enables him to 
aim the conditions of his next temperature range. By setting up 
a series of incident shock temperatures T^  the program 
iterates to find corresponding reflected shock temperature T^ in 
the reflected region and calculates P^/P^, ^2^1* Number, etc.
3. Refshock program
This program was also developed at Hebrew University by Dr.
A. Burcat (W8). The formulation is the same as in preshock
program except the input is the measured incident shock speed. 
Therefore the post shock conditions may be obtained. Both 
preshock program and refshock program assume a initial temperature 
of 300 K.
4. Drexel Program
This program was developed at Drexel Univeristy (W8). The 
main function of this program is the same as program refshock ex­
cept it needs initial temperature which avoids the assumption of 
300 K. The input data can be either wavespeed, Mach number, or 
distance-time measurements. The program was modified by the 
author by adding a subprogram to calculate the relation between 
the reflected temperature and the shock strength so that pre- 
experimental conditions may be designed.
Kinetics program
1. General Chemical Kinetics Program (GCKP)
This program was written by Bittker and Scullin (B12). It 
utilizing implicit integration techniques to integrate complex 
chemical mechanisms. The program capabilities are the calculation 
of
a. Chemical reactions behind a shock wave.
b. Ignition, combustion, and nozzle expansion in supersonic 
flow.
c. Chemical reaction in a static system.
d. Chemical reaction in any flowing gas mixture whose
velocity is subsonic.
e. Constant temperature and/or constant volume reactions.
f. Ignition and combustion in a flowing or a static system.
Running the program requires the use of a thermochemistry 
data file of the standard seven coefficient polynomials.
2. General Streamtube Program
This program was developed by M. Willard, K. Hutchinson, 
and Dr. R. C. Farmer at Louisiana State University (W8). It 
has a generalized kinetic integrating routine called "Reaction".
It is capable of integrating the one dimensional equations of 
conservation for a generalized set of 30 species in 50 kinetic 
steps for fluid flow in a one dimensional steady state stream 
tube or for unsteady state static reaction. The routine 
"Reaction" needs a generalized kinetic package (GKP) to perform 
the desired computation. The GKP is provided by the generalized 
chemistry program (GCP) while three subroutines are generated for 
the routine "Reaction".
a. Subroutine FT sets up energy equation solution.
b. Subroutine FG sets up species equation solutions.
c. Block data contains the reaction rates, stoichmetric 
reactions and thermodynamic data.
The species equations are linearized by Pade' approximation 
method therefore require minimum amount of CPU time.
Generation of coefficients and tables for thermochemical properties.
1. Bauer & Duff's coefficients
This program (W8) was written to convert thermochemical 
property polynomials from Bauer and Duff (DA) into standard seven 
coefficients polynomials.
2. API-44 coefficients
This program (W8) was written to convert thermochemical 
property polynomials from API-44 (A4,W3) reports into standard
seven coefficient polynomials.
3. Mark's coefficients
This program (W8) was written by Mark Willard at Louisiana 
State University. The function of this program is to convert 
the standard seven coefficients polynomials into five coefficient 
polynomials for use in General Streamtube Program.
4. APPENC Program
This program (W8) was written by David Miller at Louisiana 
State University. The usage of this program is read in the seven 
coefficients polynomials and tabulated the thermochemical 
properties as a function of temperatures.
Statistical Analysis
1. BSFT Program
This program (W8) was written by Dr. Michael Frenklach at 
the Hebrew University. It is mainly a linear regression program 
used to calculate the best fit of shock tube experimental data.
2. Statistical Analysis System (SAS)
This program was developed at SAS Institute Inc. and adopted 
by System .Network Computer Center of Louisiana State University. 
This program does general linear and nonlinear regression analysis, 
test of hypothesis and provide residual plots. A user's guide 
is available (S17).
M E E N E I X  I
















ATTENU ATICN CALCULATION FOP. SHOCK SPEED AT END WALL 
DIMENSION 51(100,5)  , 2 ( 1  CO) , A (2 5) , E ( 5) , X E AP (5) , Y H AT (1 00)  , AA (5 , 5 )
DIKENSION m  (100)  , K F ( 1 0 0 ) , W E I ( 1 0 Q ) , U 1 2 { 1 0  0) , GG ( 1 0 0 ) , HF ( 100)  
LIKENSICN HKH ( 1 0 0 ) ,CGG ( 1 0 0 ) , U23 ( 1 0 0 ) , U3 ' I ( 1 0 0 ) , PS (5)
E IK ENSIGN B( 15) , T (  15) ,  Y ( 15) ,  W ( 1 5 ,  15) ,R (15)  , V (1 5) , DD (1 5)
CCKMCN FSQ
D -  DISTANCE CF STATIONS FROM THE SFACEP
Y -  TEE DISTANCE FFC ? THE SPACEF CC FR ES PON CING TO THE AVF. VEI.OCI
T -  TIME MEASURET EFTNFEN STATIONS
X (M, NA) ,Y (M) ,  A (NA**2) , P (FA) , XDAR (NA) , YHAT (K) ,AA (NA , KA)
STATICN : 1........... 2 .......... 3........
DISTANCE : D (1 )....... 0 ( 2 ) ..................0(3)----
TIME : T (1)....... T ( 2 ) .......T (3)----
VELOCITY :  V (1).......V (2)....... V (3)
1 EC ENT : 16..........12......... H ........
NA - NC. CF GNKNCt.N COEFFICIENTS MINUS 
OF X (NA GREATER TNAN 2)
IK - A FLAG INDICATES KHETHER STATION 3 
NX - NC. CF INDEPENDENT VAPIABIES 
M - NC. OF LATA ICINTS
.4..........5  ETC.
-D (U)...... D (5) . .ETC.
. T (4)...... T ( 5) . .ETC.
 V ( a ) .....................ETC.
 2 ..........F... ... ETC.
ONE, ALSC MO. CF FUNCTIONS









0 0 0 0 1 0 0 0  
0 0 0 0 1 1 0 0  
00001200 
00001300
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989
HH (IJ) - ALC C 10 (P)
PEL(IC) =AICG1C (WEI)
I J = I J +  1 
GC TC 10 
CONTINUE 
I J = I J - 1  
NA = 1
K N = N A * N A 
F FI NT 56,TJ
PRINT 55 r ( WE (I) ,0 12 (I) ,GG (I) ,HH (I) fWEL (I) , FU 1 (1) ,GGG (I) ,HHH (I) , 
*1 = 1,IJ)
M= 10
C ALCUL AT E LOG ( U 0) = M  + B1*(P4/P1)
FRINT 5 C 
LO 2 0 C F = 1 ,1J 
X (K , 1) = F M  (K)
200 Z (K) =GG (K)
CA II U N P E G  (X,2 ,Nfl, P ,A,E ,XEAF, YH AT, A A, NN)
CALCUL ATE A ICG (U0)= HI * + E1'*U12 
F^INT 71 
DC 212 K= 1,TJ 
X (F, 1) =U 12 (K)
2 12 I (F) =GG (F)
CALL U N P E G  (XrZ,NA,E,A,F,XEAF,YHAT,AA,NN)
CALCULATE LOG (A) = A2 + F2*(PVP1)
FFINT El 
DO 201 F=1,IJ 
X (F, 1) =Pll1 (F)
20 1 Z (F) =i:p (K)
CALL L1NEEG(X,Z,NP,M,A,D,XBAP.,YHAT,AA,NM)
CALCLIATE ICG(A) = A 2' + E2'*U12 
F R I N T  7 C 
DC 2 11 K = 1, IJ 
X (F, 1) = U 12 (K)
2 11 7 (F) =HT (K)
0 0 0 1 6  100 
0 0 0 1 6 2 0 0  
0001630C  
OOC16UOC 
0 0 0 1 6 5 0 0  
0 0 0 1 6 6 0 0  
0001670C  
00 016 80 C 
0 0 0 1 6 ^ 0 0  
0 0 0 1 7 0 0 0  
0001710C  
0 0 0 1 7 2 0 0  
0 0 0 1 7 3 0 0  
000 17900  
G001750G 
0 0 0 1 7 6 0 0  
0 0 0 1 7 7 0 0  
000 17800  
C0017900  
0 0 0 1 8 0 0 0  
00 0 1 8 1 0  C 
0 0 0 1 8 2 0 0  
000  18300  
C0018UCC 
0 0 0 1 8 5 0 0  
0 0 0 1 8 6 0 0  
000  18700  
000 1880C 
0 0 0 1 8 9 0 0  
0 0 0  19000  
COO 19 100 
000192CG 
0 0 0 1 9  300  
0 0 0 1 9  900  
0 0 0 1 9 5 0 0
CALI LIN REG (X,Z,NA,F,A,E,XEAF,YFATrAA,N'l) 
C CALCULATE LOC(UE) = AU + D 9 * r V P l )
FEINT E3 
DC 2C3 F=1,IG 
X j'F , 1) --PU1 f F)
20 3 7, (K) = PEL (F)
CALL LIN REG{X, %,N A,M r A,D,XBAR , IF AT,AA,UN) 
C C A LCUIA IE UF= AS + p^ *U12
PRINT 59 
DC 209 K=1,IJ 
X (K, 1) =U 1 2 (K)
20 9 1  (K) =NF (F)
CALL LIN PEG (X,Z,NArF ,ArF,XEPR#YKPTfAPfNN) 
C CALCULATE UE= A5’ + Pc • *U23
FFINT 7 9 
DC 3 C 6 F=1,IJ 
X(K ,1)=U23 (F)
306 Z (F) =HE (K)
CALL LINBEG (X, Z , N A , H f A , B , XBAP. , \  HAT , A A , N N)
C CALCULATE UE = A5 ’ ’ + F 5 ’» *U39
PRINT 62 
EC 3C7 K=1rIJ 
X (Ff 1) = U 39(K)
3C7 7 <K) = fcE ( F)
CALL U N P E G  (Xr7,NA,F , A fE-,XEPB#YHAT,AAr N N) 
C CALCULATE A = A6 + E6* (P9/P1)
TFINT E7 
DC 2C5 F = 1 ,10 
X (K,1) = F91 (F)
20E Z (F) = E E E IK)
CALL LINFEG(XrZrNArM,A,P,XBAR rYUATrAA fNN) 
C CALCULATE H = A 6 * + E f ’*U12
PRINT 72 
DC 2 13 K = 1 „ 1.7 
X (K, 1) =U 12 (K)
00C196CC 
GCC1970C 
0 0 0 1 9 9 0 0  
0 0 0 1 9 9 0 0  
C0C20000  
C002010C 
0 0 0 2 0  200 
0 0 0 2 0  300 
C0C2090C 
C00205C0  
0 0 0 2 0 6 0 0  
0 0 0 2 0 7 0 0  
00020R00  
C002C90C 
0 0 0 2 1 0 0 0  
0 0 0 2 1 1 0 0  
C0C2120C 
0 0 0 2 1 3 0 0  
0 0 0 2 1 9 0 0  
0 0 0 2 1 5 0 0  
0 0 0 2 1 6 0 0  
000217C0  
0 0 0 2 1 B0 0  
0 0 0 2 1 9 0 0  
0 0 0 2 2 0 0 0  
0 0 0 2 2 1 0 0  
0 0 0 2 2 2 0 0  
0 0 0 2 2 3 0 0  
0002290C  
0 0 0 2 2 5 0 0  
0 0 0 2 2 6 0 0  
0 0 0 2 2 7 0 0  
00022PCC 
0 0 0 2 2 9 0 0  
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DO 65 J=1,N 





SEARCH FOR MAX. COEFF. IN COLUMN 
IJ=IT+I
IF (ABS (BIG A) -ABS (A (IJ) ) ) 20, 30, 30 
20 BIGA= A (IJ)
IMAX=I 
30 CONTINUE
TEST FOR PIVOT LESS THAN TOLERANCE 
IF (ABS(BIGA)-TOL) 35,35,40 
35 KS=1 
RETURN
INTERCHANGE ROWS IF NECESSARY 
NO 11=J + N* (J— 2)
IT=IM AX-J 
DO 50 K=J,N 
1 1=11 + N 
12=11+ IT 
SA VE= A (11)
A (I1)=A (12)
A (12) =S AVE
DIVIDE EQUATION BY LEADING COEFF. 






































B (IHAX) =B (J)
B(J)=SAVE/BIGA 
C ELIMINATE NEXT VARIABLE
IF(J-N) 55,70, 55 
55 IQS=N*(J-1)
DO 65 IX=JY,N 
IXJ = I Q S H X  
TT=J— IX 
DO 60 JX=JY,N 
IXJX=N*(JX— 1)+IX 
JJX=IXJX+IT 
60 A (IXJX) =A (IXJX)- (A (IXJ) *A (JJX) ) 








DO 80 K- 1 r J


































5062.659 5767.665 6510.005 717U.U5''
21-1 U 1.2 3 2.0
21-1 C. 722. U<I0. 2131.
STOP
Illustrations:
1. The first carc is the distarce frcir the diaphragm to the end wall.
2. The seccrd card has the distances corresponding to the distance 
from the diaphragm to the end wall for the transducer stations.
3. The third card contains the run number, n 1, and 74.
4. The fourth card contains the run ruirber, and the times read for 
each station trcm the timer.
5. The last t%o cards just stops the calculation.
GPAD Prcgrair:
L A T A S E T  ’ C H E P A N . I C F 7  ( F P E E )  '
EPEE ATIP (11 £ 11 II£12) 00000 100
FEES FILE(F103F001 FT05F001 FT06F001 FT07F001 FT0RE0G1) C0CC020C
FFEE ES (»CFEK AN. PF1NT' ' CF EWAN . PUNCI;' 'CHEW A N.G n AD * 'CHEWAN . DAT 1') 00000300
DEL 'CliEHBN. FFINT* 00000400
DEL 'CHEWAN.PUNCH• 00000500








ATTB LIST1 DLK3IZE (3120) FECF*(F 
AIT F LIST 2 ElKSIZE ( 1 3 30) RECFM(F 
A1LCC CS( + ) FILE (FTC2FC01)
ALLOC DS (*) FILE (F1C5F00 1)
ALLOC DS (’CHEWAN.PUNCH’) NEK FILE (FTO7 FOO 1) 
VCL (USEF01) &EISP 
ALLOC TS ('CHEW AN.FFINT')
VOL (I SEP 01) 6DISF 






USING (LIST 1) 










0 0 0 0 1 0 0 0  
0 0 0 0 1 100 
00CC12CC 
0000130C
AILCC EA('CFEWAH.EATI’) DE(ETCSFCQI) 00001400
RUN 'CH EW A N. GPAD ’ FC FT F C FT 00001500
FV EE A TIP (11 S T 1 II5T2) . 00001600
FEES FILE (FTC3F0C1 FTC5F001 FT06F001 ETO^FOOl FT09100 1) C00017CC
EATASET 'CFEWAN.EOFT(GFAE) '
C GFCUF ADDITIVITY SCHEME FCF THERHCCHEMICAL FFOr EFTT ES
DIMENSION TL <60) ,  E (U,7 r2) , C? (U r60) ,H ('4 , 6 0 )  , s  (U, 60)
DIMENSION CFX (60) r HX (fcC) ,SX(GC) ,ADCD (4)
DATA AHF ,A0 ,P1,ACE , A H , AS/' F, F 20 ’ ,‘S', 'I' ,'CF1 , • H-H2‘ ,' S'/
DATA Tl |1) ,TI (2)/2S8„15,300.0/
EATA FU/1.SF716/
WRITE (J, 10C0)
10CC FORMAT ( * WHAT A F * THE INPUT UNITS? (CONTROL ,DATA) •)
READ |5 ,*) N1,N2
EC 50 1=1, 4
5C PEAD(N2,aO) AECD(I) ,((F(I,J,K) ,0=1,7) ,K = 1,2)
4C FOFMAT (A8r/5E15.3/FF15.8/5E15.0)
30 CONTINUE
WRITE (3, 10 1C)
1010 FORMAT ( ‘WHAT in THE NAME |A6) OF THE COHPD ? IF STOP! ENTERING
*  EYE ’)
FEPE (N 1, 1) ANA, AM E 
C ORIGINAL 1 FCFMAT ( A4 ,A2)
1* FORMAT |A'i, A2)
WFITE (3, 10 30)
1050 FCFMAT { ‘VALUES FOR A, 3, C, AND D ? IF STCF! ENTERING FOUR ZEF 
*CS ')
READ (N 1 , *) A,0,0,1 
W=A + E-*C + C 144





E FX = HF29FA*A-* F F 2 90 P* 9 + P F29BC*C-UIF299D*D 
FtJNCB 1C, ANA, SHE, At=F,AP,FFX 
C OPIGIKAL 10 FCFKA7(A9,A2,1FX,A9,A1,1X,F12.1)
1C FOPMAT (AU,A2#18>,AU,A1,1X,F12.1)
PFITF (6, 11)ANA,AME,A,P,C,E,FFX
C CP3GINAL 11 FORM AT ( 1F1, 1X, A 4, A 2 , * A = ',F10.1,........
11 FOFMAT(1H1,1X,A<4,A2,’ A = ',F1C.1,' C = ',F10.1,» C = ’ ,F10.1, 
* ' D = • ,F1C. 1 ,/2X, 'HF79R = »,F12.1)
CO 2 1=3,59 
2 TL (3)=TL (1-1) + 10C.C 
EC R 1=1,9 
DO 4 0 = 1 ,59 
T=TL (J)
IF JT.LT. 10CC.) GO TO ICC 
IT F = 1 
GC TC 110 
100 IT F = 2 
1 1C H (I ,J) =C.
CP (I ,J) =0.
S |I, J) =0.
EC 5 K= 1, 5 
IT = 6 - K
CF (I, J) = E (I, IT, ITF) -»LT 1T,J)*T 
H (I,J) = (H(I,J) 4H(I,IT,ITB)/IT)*T 
IF (K. EC-5) GC TC 6 
c S (1,0) = (5 |T,J)+E (I ,IT,ITF)/(TT-1) ) *T
f. H (I , J) = (II ( 3 , 0 ) + E ll,f>,ITF))*HU 
IF (.7. EC. 1) F S T = H (1,0)
C V CAI/MOLH
I) {I ,J) =fl (T ,0) -HST 145
S (I, J) = (S (I, J) +E (I, 1,ITR) *ALOG(T) +E(I,7,ITR) ) *RU 
CP (I, J) = CP (I r J) *RU 
t» CONTINUE 
0 CONTINUE 
DO 9 J = 1,59
CPX (J) =CP ( 1 r J) *A*CP (2r J) *B + CP (3r J) *C+CP(9,J) *D 
SX(J) = S(1,J)*A + S (2, J) *B+ S (3# J) *C+ S(9,J)*D 
HX(J) = H ( 1, J) *A+ H(2,J)*B* H(3,J)*C + H(9,J)*D 
9 CONTINUE 
WRITE (6,7)
7 FORMAT (//18X,'TEMP*, 10X,'C P ' ,6X,'H-H29B•,11X,'S'//)
WRITE (6,20) (TL (I) ,CPX(I) ,HX(I) ,SX(I),1=1,59)
20 FORHAT(10X,9F12.2)
PUNCH 13,(ANA,AHE,AT,TL(I) ,ACP,CPX (I),AH,HX(I),AS,SX(I),1=1,59)
C ORIGINAL 13 FORMAT (A9,A2,A1,5X,F7.2,..........................
13 FORMAT (A9, A2, A 1, 5X, F7. 2, 5X, A2 , 9X ,F 12. 3 , A9 , 2X ,F 12. 3, A 1, 5X,F 12. 3) 
GO TO 30 
31 CONTINUE
WRITE (3,1020)
1020 FORMAT (1H0,» PROGRAM EXECUTION TERMINATED »)
STOP
END
DATASET *CHEWAN-FORT (DAT 1)
GROUP A U08/79C 1H 1 0 OG 300.000 5000.000
0. 203 25975Ef01 0.31110216E-02-0.999 97339E-06 0. 1393 6695E-09-0.6 9 3 7 6 132E-19 
0 . 65391968E*03-0.76875687E+01-0.99739968E+00 0.76993220E-02-0.87910109E-07 
-0. 58390661E-08 0.30066080E- 11 0 . 19789329E+09 0. 59865360E+01 
GROUP B U08/79C 9 0 0 OG 300.000 5000.000
0.95800381E+01-0.91269623E-02 0.26239002E-05-0.93992659E-09 0.23116 968E-13
0.67999341E*0 3-C.277282E7E+C2 0 . 10577555E+ 3C 0-11 3 4627 2 E-02-0 . 4 9 464 76 1 E-0 6 
-0. c P174336E-C 8 C - 7 1 2 1 37 ICE- 11 C . 2 1 4 !| 2C4 8E +0 4-0 . 3 6 54 i b05 E +0 1 
G50 1P C t C 8/79 C U 0 0 0 3 100. 000 500C.000
0. 4 5800 39 IE ♦01-0.4 1269<-23E-02 0. 26 2 3U00 2F -0 5-0 . 4 .39° 2 614E-C 9 0 . 231164 68E- 1 3 
0. 95864746E+0 1-0. 27726267E+C2 C. 105779cSE + 00 0 . 3 1 396 2 72?-02-0.4 9464761E-06 
-0. 8U 17«i 3 36E-C 6 C. 3 3 2 137 E - 1 1 Q . 1 47 3C9 78E+04-0.36941 605E +0 1 
GPOUP 0 UC8/79C 4 0 0 01 300.000 500C.000
0. 13604942E 01 C„19182?37E-02-0.840403R9E-06 0.1644H707E-09-0. 1 167267CE- 13
0.''2U17100E 0 2-0. 77 7 540008 C 1- 0 . 4 4 7 7 e C 5 3F OC 0 . 53 6 91 002E-02-0 . 3 977557 1 E-0 6 
-0.4C459298E-C8 0-2 1 134939F- 1 1 0. 635275 15E 03 0.19156770E 01
Commands for run GFAE:
1. lEOtSER 'IS K A KG ’
2. EX 1 C h E fc AN . EC FI ! EEEE)»
3. EX *CEEWAN.FOFT (CL1ST) • » C I S P  (NEW) »
4. The picgran will ask questions, the following are sample questions
I
and answers:
Cuestion: Khat are the input units?
Answer : 5, 5
Question: What is the name o f the compd? If .stop! entering bye 
A ns wer : C 6H 6 147
Question: Values for A, B, C, and P? If step! entering four zeros 
Answer : € Q 0 C
Question: What is the name of the ccmpd? If stop! entering bye 
Answer : bye
Question: Values for A, F, C, and C? If step! entering four zeros 
Answer : 0 0 C 0
Fespcnse: Program execution terminated 
lo get printed output 
EFE ’ CHEW AN.FFINI'
Tc get punched cards fcr Pac 2 input 
BPF ’CHEVAN.FUKCH ' FUKCH
149
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